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ABSTRACT

Digital Signal Processing (DSP) has a number of well known advantages compared 
with analogue signal processing. Its main drawback of complexity is becoming more 
manageable with the advent of VLSI systems. The digital filter is an important DSP 
function which has wide application and plays some part in most DSP systems. The 
practicality of DSP is therefore dependent on the efficient implementation of digital filters 
with VLSI systems. The aim in this thesis is to design architectures for this purpose with 
an emphasis on identifying features of structures which can be exploited in the design of 
efficient architectures.

The first step towards this goal is the selection of suitable digital filter structures. This 
issue is addressed from the viewpoints of finite wordlengths and hardware 
implementation. Appropriate measures are introduced and used to assess the suitability of 
a number of structures from the literature ; direct form II, cascaded second order 
sections, parallel second order sections, Gray-Markel normalized ladder, cascaded unit 
elements WDF, lattice WDF, LC ladder WDF and IVR generalized WDF. It is shown 
that of these, the cascaded unit elements WDF and the lattice WDF are best suited to 
VLSI implementation.

A novel finite wordlength design program for cascaded unit elements WDFs is 
presented. This program is based on a heuristic approach and exploits a number of 
properties of cascaded unit elements WDFs which have been identified. Also, programs 
for the design of lattice WDFs based on cascaded unit elements and LC networks are 
given.

An architecture for the cascaded unit elements WDF is given which exploits the 
inherent parallelism of the structure to optimize the speed in a multiplexed scheme. This 
is achieved by pipelining the basic section. Architectures for lattice WDFs based on 
cascaded unit elements and all-pass sections are also presented. Simple modifications to 
the structure, multiplexing and pipelining are used to optimize efficiency.

The relationship between a theoretical discrete system and its synchronous digital 
realization is explored. This is used to show that synchronous digital realizations of WDFs 
based on unit elements can be used to process two signals simultaneously without 
requiring any modifications. It is necessary for the two signals to be skewed by half the 
sampling period

This property is exploited in the design of a reconfigurable, programmable 
architecture which can be used to implement two separate UEWDFs, two UEWDFs in 
cascade or a lattice WDF. Appropriate results are given to demonstrate the efficiency and 
versatility of this architecture. Similar ideas are used to design an architecture capable of 
implementing two separate LC ladder WDFs, two LC ladder WDFs in cascade or a lattice 
WDF.

Closing arguments are given to show that the work presented in this thesis may be 
used in the development of a CAD system for the VLSI implementation of digital filters 
which is based on a standard cell approach.
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CHAPTER ONE

INTRODUCTION

In the past, the complexity of digital signal processing functions made it impractical to 

implement such functions and this approach was only employed when an analogue 

alternative was not available. The advances in fabrication technology and the advent of 

VLSI systems has made it possible to integrate complete digital signal processing functions 

on single chips. This, coupled with the continuing replacement of analogue systems with 

digital systems where practical, has led to the current activity in research into VLSI 

implementation of digital signal processing functions.

The digital filter is an important digital signal processing function with applications in 

communication systems, control systems, measurement systems etc. Efficient 

implementations of digital filters with optimum speed performance and silicon area 

requirements are therefore a desirable goal. To this end, we will consider the design of 

efficient architectures for the VLSI implementation of digital filters in this thesis.

This chapter begins with a brief outline on filters with an emphasis on their history 

and the development of digital filters. The digital filter is a linear time-invariant discrete 

system and the theory of such systems is given in section 1.2. An introduction to digital 

filters is given in section 1.3 including discussions on the processes involved in the design 

of digital filters and the choice of digital filter structure. A number of approaches to the 

design of digital filter structures reported in the literature are outlined in section 1.4. A 

discussion on approaches to the implementation of digital filters is given in section 1.5 and 

VLSI implementation aspects are discussed in section 1.6. The chapter concludes with a 

section on the objectives in this thesis.

1.1 FILTERS

In the early 1900s, the concept of loading transmission lines with lumped inductances 

in order to reduce attenuation was proposed by Heaviside. The frequency response of 

_ i _



s u c h a l o a d e d t r a n s mi s si o n li n e i s t h e s a m e a s t h at of  a l o w p a s s  filt e r. B y  r e d u ci n g t h e 

di st ri b ut e d  c a p a cit a n c e t o l u m p e d c a p a cit a n c e s, a n d  di st ri b ut e d  i n d u ct a n c e t o z e r o i n t h e 

l o a d e d li n e, t h e L C  l a d d e r l o w p a s s  filt e r i s o bt ai n e d.  T hi s  t y p e of  filt e r w a s  i n d e p e n d e ntl y 

i n v e nt e d d u ri n g  w o rl d  w a r  I b y  C a m p b ell  a n d  W a g n e r  t o w h o m  t h e bi rt h  of  filt e r t h e o r y i s 

att ri b ut e d [ 1]. Si n c e t h e n, t h e t h e o r y a n d p r a cti c e of filt e r d e si g n h a s a d v a n c e d  

c o n si d e r a bl y wit h  a c o n s e q u e nt b r o a d e ni n g  of  t h e t e r m ’filt e r’ w hi c h  m a y  n o w  b e  d efi n e d  

a s a n et w o r k  w hi c h  i s r e q ui r e d t o h a v e  a  p r e s c ri b e d  r e s p o n s e f o r a gi v e n  e x cit ati o n. T h e  

r e s p o n s e r e q ui r e m e nt m a y  b e  gi v e n  i n t e r m s of  ti m e o r  f r e q u e n c y [ 2].

T h e r e  a r e t h r e e c at e g o ri e s of  el e ct r o ni c filt e r s; p a s si v e,  a cti v e a n d di git al.

P A S SI V E  FI L T E R S

P a s si v e  filt e r s e v ol v e d  f r o m t h e o ri gi n al  w o r k  of  C a m p b ell  a n d  W a g n e r  a n d  c o m p ri s e  

eit h e r l u m p e d i n d u ct a n c e s, r e si st a n c e s a n d c a p a cit a n c e s o r, f o r v e r y hi g h f r e q u e n c y 

a p pli c ati o n s, di st ri b ut e d  i n d u ct a n c e s, c a p a cit a n c e s a n d  r e si st a n c e s .

T h e  p r o bl e m s a s s o ci at e d wit h  p a s si v e filt e r s a r e m ai nl y  t h o s e d u e  t o v a ri ati o n i n 

c o m p o n e nt v al u e s  d u e  t o l o s s e s, t e m p e r at u r e, a g ei n g et c. At  l o w e r f r e q u e n ci e s, t h e b ul k  

of  t h e i n d u ct o r s i s a  m aj o r  p r o bl e m  a n d  i n g e n e r al,  it i s d e si r a bl e  t o eli mi n at e  t h e i n d u ct o r 

b e c a u s e  of  t h e e x p e n s e a n d l o s s e s a s s o ci at e d  wit h  it. T hi s  c a n b e  a c hi e v e d wit h  a cti v e  

filt e r s. B e c a u s e of t h e li mit ati o n s of a cti v e c o m p o n e nt s at hi g h f r e q u e n ci e s, s u c h  

a p pli c ati o n s  will  al w a y s r e q ui r e p a s si v e  filt e r s [ 3].

Of  p a rti c ul a r  i nt e r e st a r e p a s si v e  l o s sl e s s filt e r s w hi c h  a r e i n s e rt e d b et w e e n  e q u al  

r e si sti v e t e r mi n ati o n s. T h e s e  e x hi bit  a  p a rti c ul a rl y  l o w s e n siti vit y t o c o m p o n e nt  v a ri ati o n s  

[ 4, 5]. F o r  t hi s r e a s o n, t h e s e filt e r s h a v e  b e e n  u s e d  a s  a  b a si s  f o r t h e o r eti c al d e v el o p m e nt s  

i n a cti v e a n d di git al  filt e r s i n att e m pt s t o e m ul at e  t hi s p r o p e rt y  [ 3].

A C TI V E  FI L T E R S  [ 6]

T h e  n e e d  f o r i n d u ct o rl e s s filt e r s a n d  t h e i n v e nti o n of  t h e t r a n si st o r i n t h e l at e 1 9 4 0 s  

l e d t o t h e i n v e nti o n of  t h e a cti v e filt e r. I n 1 9 5 3,  Li n vill  s h o w e d t h at a filt e r c o m p ri si n g  

r e si st o r s, c a p a cit o r s a n d a n a cti v e el e m e nt  w a s  t h e o r eti c all y p o s si bl e.  T h e  e m e r g e n c e of  
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t h e m o n olit hi c  o p e r ati o n al a m plifi e r a s a n off  t h e s h elf c o m p o n e nt i n t h e 1 9 6 0 s a n d  

s u b s e q u e nt r e s e a r c h m e a nt  t h at b y  t h e 1 9 7 0 s,  t h e a cti v e R C  filt e r w a s  e st a bli s h e d a s a  

p r a cti c al  p r o d u ct.  T h e  i n c r e a si n g i nt e g r ati o n of  s y st e m s o nt o  si n gl e c hi p s of  sili c o n a n d  

t h e diffi c ult y  of  i m pl e m e nti n g r e si st o r s i n M O S  t e c h n ol o g y l e d t o t h e i n v e nti o n of  t h e 

s wit c h e d c a p a cit o r i n t h e l at e 1 9 7 0 s.  T o d a y,  t hi s i s t h e d o mi n a nt  a cti v e  filt e r t e c h n ol o g y.

DI GI T A L  FI L T E R S

I n t h e l at e 1 9 5 0 s, di git al filt e ri n g w a s  m ai nl y  p e rf o r m e d i n n o n- r e al  ti m e o n  

c o m p ut e r s a n d w a s  u s e d  i n c a s e s w h e r e  filt e ri n g wit h  a n al o g u e c o m p o n e nt s w a s  n ot  

p o s si bl e.  Di git al  filt e r s i m pl e m e nt e d i n h a r d w a r e  w e r e  n ot  p r a cti c al  b e c a u s e  of  t h e s p e e d,  

c o st a n d si z e of  di git al  c o m p o n e nt s.

T h e  a d v a n c e s  i n mi c r o el e ct r o ni c s  si n c e t h e n, i n p a r all el  wit h  d e v el o p m e nt s  i n di git al  

filt e r t h e o r y a n d d e si g n,  h a v e  m a d e  it p o s si bl e  t o i m pl e m e nt c o m pl et e di git al  filt e r s o n  

si n gl e c hi p s. Wit h  c o nti n ui n g a d v a n c e s i n f a b ri c ati o n t e c h n ol o g y a n d d e si g n  m et h o d s,  

di git al  filt e r s a r e b e c o mi n g  i n c r e a si n gl y p r a cti c al.

Di git al  filt e r s h a v e  a n u m b e r  of  a d v a nt a g e s c o m p a r e d wit h  a n al o g u e filt e r s.

DI GI T A L  FI L T E R S  V E R S U S  A N A L O G U E  FI L T E R S

A d v a nt a g e s  of  di git al  filt e ri n g :

( 1) P e rf o r m a n c e  f r o m u nit  t o u nit  i s st a bl e a n d  r e p e at a bl e.

( 2) A r bit r a ril y  hi g h  p r e ci si o n  i s a c hi e v e d  t h at i s li mit e d o nl y  b y  t h e n u m b e r  of  

bit s  c a r ri e d i n m e m o r y  a n d  t h e i n p ut a n d o ut p ut  r e s ol uti o n c a p a biliti e s.

( 3) N o  i m p e d a n c e m at c hi n g  p r o bl e m s  e xi st  i n t h e di git al  d o m ai n.

( 4) C riti c al  filt e r b r e a k  f r e q u e n ci e s c a n b e  pl a c e d  wit h o ut  r e st ri cti o n s (i nfl u e n c e s 

t h e p r e ci si o n  r e q ui r e d).

( 5) C o m p o n e nt v al u e v a ri ati o n p r o bl e m s n o r m all y a s s o ci at e d wit h  

c a p a cit o r s,i n d u ct o r s a n d r e si st o r s d u e t o t e m p e r at u r e c h a n g e s o r a g e a r e  

n o n- e xi st e nt.
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(6) Adaptive filtering is possible.

(7) The possibility of time-sharing major implementation sections exists (adders, 

subtractors, multipliers etc).

(8) Periodic calibration as is required with analogue circuits is eliminated.

(9) Linear phase characteristics are possible.
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1. 2  T H E O R Y  O F  L TI  DI S C R E T E  S Y S T E M S  [ 7, 8]

A n  i d e al di git al  filt e r i s a  li n e a r ti m e-i n v a ri a nt ( L TI) di s c r et e  s y st e m. I n t hi s s e cti o n a  

b ri ef  i nt r o d u cti o n i s gi v e n  t o di s c r et e  si g n al s a n d s y st e m s.

DI S C R E T E  SI G N A L S

A  si g n al c a n b e  d efi n e d  a s a f u n cti o n t h at c o n v e y s i nf o r m ati o n, g e n e r all y a b o ut  t h e 

st at e o r  b e h a vi o u r  of  a p h y si c al  s y st e m. I n el e ct ri c al s y st e m s, si g n al s t a k e t h e f o r m of  

v olt a g e s  o r  c u r r e nt s.

Si g n al s c a n b e  r e p r e s e nt e d m at h e m ati c all y  a s f u n cti o n s of  ti m e. T h e  i n d e p e n d e nt 

v a ri a bl e of  t h e m at h e m ati c al  r e p r e s e nt ati o n of  a si g n al m a y  b e eit h e r c o nti n u o u s o r  

di s c r et e.  C o nti n u o u s-ti m e  si g n al s (fi g u r e 1. 1)  a r e  si g n al s t h at a r e  d efi n e d  at  a c o nti n u u m  

of  ti m e s a n d  t h u s a r e  r e p r e s e nt e d b y  c o nti n u o u s v a ri a bl e  f u n cti o n s. Di s c r et e-ti m e  si g n al s  

(fi g u r e 1. 2)  a r e  d efi n e d  at  di s c r et e  ti m e s a n d  t h u s t h e i n d e p e n d e nt v a ri a bl e  t a k e s o n  o nl y  

di s c r et e  v al u e s,  i. e. di s c r et e-ti m e  si g n al s a r e r e p r e s e nt e d a s s e q u e n c e s of  n u m b e r s.

A  di s c r et e-ti m e  si g n al m a y  b e  o bt ai n e d  f r o m a c o nti n u o u s-ti m e si g n al b y  t h e p r o c e s s  

of  u nif o r m  s a m pli n g. A c c o r di n g  t o t h e s a m pli n g t h e o r e m, t h e t w o si g n al s a r e e nti r el y  

e q ui v al e nt p r o vi d e d t h at t h e s a m pli n g r at e i s at l e a st t wi c e t h e hi g h e st f r e q u e n c y 

c o m p o n e nt of  t h e c o nti n u o u s-ti m e si g n al. If t hi s c o n diti o n  i s n ot  m et,  t h e n ali a si n g  e r r o r s  

will  r e s ult.

T h e  m o st  el e m e nt a r y di s c r et e-ti m e si g n al i s t h e u nit- s a m pl e s e q u e n c e w hi c h  i s 

d efi n e d  a s

d( n)  =  0 if n  is n ot  e q u al t o 0  ( LI)

d( n)  = 1 if n  is e q u al t o 0

A n  a r bit r a r y s e q u e n c e c a n b e  e x p r e s s e d a s a s u m of  s c al e d d el a y e d  u nit  s a m pl e s :

o o

x( n) = S  x( k). d( n- k)  ( 1. 2)
k =- < x >
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L TI  DI S C R E T E  S Y S T E M S

A  s y st e m i s d efi n e d  m at h e m ati c all y  a s  a  u ni q u e  t r a n sf o r m ati o n o r  o p e r ati o n  t h at m a p s  

a n  i n p ut s e q u e n c e x( n) i nt o a n o ut p ut  s e q u e n c e y( n). T hi s  i s d e n ot e d  a s

y( n) = G[ x( n)]  ( 1. 3)

a n d  i s s h o w n di a g r a m m ati c all y  i n fi g u r e 1. 3.

A  li n e a r di s c r et e  s y st e m i s d efi n e d  b y  t h e p ri n ci pl e  of  s u p e r p o siti o n. If yl( n) a n d  

y 2( n) a r e  t h e r e s p o n s e s w h e n  xl  ( n) a n d  x 2( n) r e s p e cti v el y a r e  t h e i n p ut s, t h e n a  s y st e m i s 

li n e a r if a n d  o nl y  if

G[ a. xl( n)  +  b. x 2( n)]  =  a. G[ xl( n)]  +  b. G[ x 2( n)]  =  a. yl( n)  +  b. y 2( n)  ( 1. 4)

f o r a r bit r a r y  c o nst a nts a  a n d  b.

A  ti m e i n v a ri a nt s y st e m i s c h a r a ct e ri z e d  b y  t h e p r o p e rt y  t h at if y( n) i s t h e r e s p o n s e t o 

x( n), t h e n y( n- k) i s t h e r e s p o n s e t o x( n- k), w h e r e  k i s a p o siti v e  o r  a n e g ati v e  i nt e g e r.

T h e  r e s p o n s e of a n L TI di s c r et e s y st e m t o a u nit- s a m pl e i s c all e d t h e i m p ul s e 

r e s p o n s e a n d t hi s c o m pl et el y c h a r a ct e ri z e s a s y st e m. T h e  r e s p o n s e of  t h e s y st e m t o a n  

a r bit r a r y s e q u e n c e c a n b e o bt ai n e d b y s u m mi n g w ei g ht e d  i m p ul s e r e s p o n s e s. T hi s  i s 

m at h e m ati c all y  d e s c ri b e d  b y  t h e c o n v ol uti o n s u m;

o o

y( n) = S  x( k). h( n- k)  ( 1- 5)
& =- c o

w h e r e  h( k)  is t h e i m p uls e r es p o ns e.

Alt e r n ati v el y,  t h e s y st e m m a y  b e  d e s c ri b e d  b y  a  li n e a r diff e r e n c e  e q u ati o n. T hi s  gi v e s  

t h e r el ati o n s hi p b et w e e n  t h e i n p ut a n d  o ut p ut  s e q u e n c e s i n t h e ti m e d o m ai n.  I n g e n e r al,  

f o r a  pt h  o r d e r  s y st e m, t h e li n e a r diff e r e n c e  e q u ati o n  t a k e s t h e f o r m

y( n) =  a O. x( n)  +  al. x( n-l)  + ... a m. x( n- m)

- bl. y( n-l)  - b 2. y( n- 2) ............. - b p. y( n- p) ( 1- 6)

w h e r e  b o,  bl... b m,  al,  a 2 ........a p a r e  c o nst a nts . T h e  v al u es  of  t h es e c o nst a nts d es c ri b e  
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t h e d y n a mi c al  b e h a vi o u r  of  t h e s yst e m, p  a n d  m  a r e  fi x e d n o n- n e g ati v e  i nt e g e rs.

N ot e  t h at t h e di s c r et e  s y st e m r e q ui r e s t h r e e b a si c  o p e r ati o n s ; a d diti o n / s u bt r a cti o n,  

m ulti pli c ati o n  a n d  d el a y.  S y m b oli c  r e p r e s e nt ati o n s of  t h e o p e r ati o n s  a r e s h o w n i n fi g u r e 

1. 4.  A n  L TI  di s c r et e  s y st e m c a n t h e r ef o r e b e  r e p r e s e nt e d i n g r a p hi c al  f o r m a s a  n et w o r k  

of  t h e s e t h r e e el e m e nt s.

T H E  Z- T R A N S F O R M

T h e  Z-t r a n sf o r m  i s u s e d  t o c o n v e rt a s e q u e n c e of  n u m b e r s  i nt o a f u n cti o n of  t h e 

c o m pl e x  v a ri a bl e  Z.  T h e  Z-t r a n sf o r m  of  a s e q u e n c e of  n u m b e r s  x( n) w hi c h  i s i d e nti c all y 

z e r o f o r n e g ati v e  di s c r et e  ti m e i s d efi n e d  b y

o o  - n
Z[ x( n)J  =  X( Z) = X x( n). Z  ( 1. 7)

n = 0

T h e  Z-t r a n sf o r m  h a s  a  n u m b e r  of  p r o p e rti e s  w hi c h  a r e  u s ef ul  i n t h e m a ni p ul ati o n  of  

li n e a r diff e r e n c e  e q u ati o n s ;

LI N E A RI T Y:  Z[ xl  ( n) +  x 2( n)] = Z[ xl  ( n)J +  Z[ x 2( n)]  ( 1. 8)

- 1
L E F T  S HI F T  P R O P E R T Y  : Z[ x( n- 1)]  =  Z[ x( n)]. Z  ( 1. 9)

C O N V O L U TI O N  - S U M P R O P E R T Y  :

o o

Z[ Z  x( k). h( n- k)] = Z[ x( n)]. Z[ h( n)]  ( 1. 1 0)
k =- o o

T H E  BI LI N E A R  T R A N S F O R M A TI O N  [ 7]

T h e  bili n e a r  t r a n sf o r m ati o n gi v e s a r el ati o n s hi p b et w e e n t h e c o m pl e x f r e q u e n c y 

v a ri a bl e s  s a n d  Z  w h e r e  s i s t h e c o nti n u o u s-ti m e c o m pl e x f r e q u e n c y v a ri a bl e  a n d  Z  i s t h e 

di s c r et e-ti m e  c o m pl e x f r e q u e n c y v a ri a bl e;
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Z  - 7
( 1. 1 1)=  _______________

Z  +  7

T h e  bili n e a r  t r a n sf o r m ati o n m a p s  t h e l eft h alf  of  t h e s- pl a n e o nt o  t h e i n si d e of  t h e 

u nit  ci r cl e i n t h e Z- d o m ai n,  a n d  t h e ri g ht h alf  of  t h e s- pl a n e o nt o  t h e o ut si d e  of  t h e u nit  

ci r cl e i n t h e Z- d o m ai n.  T h e  i m pli c ati o n of  t hi s i s t h at a  t r a n sf e r f u n cti o n t h at i s st a bl e i n 

t h e s- d o m ai n  will  al s o  b e  st a bl e i n t h e Z- d o m ai n.  T h e  m a p pi n g  of  t h e e nti r e  y- a xi s  i n t h e 

s- d o m ai n o nt o  t h e u nit  ci r cl e i n t h e Z- d o m ai n  r e s ult s i n a w a r pi n g  of  t h e f r e q u e n c y 

r e s p o n s e a n d  t h e r el ati o n s hi p b et w e e n  f r e q u e n ci e s i n t h e s- d o m ai n a n d  t h e Z- d o m ai n  i s 

a s f oll o w s;

Q  =  t a n ( a. T / 2) ( 1. 1 2)

w h e r e c o is t h e c o nti n u o us-ti m e  f r e q u e n c y, Q  is t h e dis c r et e-ti m e  f r e q u e n c y a n d  T  is 

t h e s a m pli n g p e ri o d.

T h e r ef o r e, i n d e si g n s u si n g t h e bili n e a r t r a n sf o r m ati o n, ’p r e w a r pi n g ’ of t h e 

c o nti n u o u s-ti m e f r e q u e n c y r e s p o n s e i s c a r ri e d o ut  i n o r d e r  t o a c hi e v e  t h e d e si r e d  r e s ult  

i n t h e Z- d o m ai n.

T H E  T R A N S F E R  F U N C TI O N

A n  L TI di s c r et e s y st e m c a n b e d e s c ri b e d i n t h e c o m pl e x f r e q u e n c y d o m ai n  

( Z- d o m ai n) wit h  a t r a n sf e r f u n cti o n. T h e  t r a n sf e r f u n cti o n i s d efi n e d  a s t h e r ati o of  t h e 

o ut p ut  si g n al t o t h e i n p ut si g n al i n t h e Z- d o m ai n  ;

i. e. G( Z)  =  Y( Z) / X( Z)  ( 1. 1 3)

f r o m t h e e a rli e r d efi niti o n  of  a  li n e a r diff e r e n c e  e q u ati o n ( e q u ati o n 1. 6)

r( z;
G( Z) =

a O
- 1

+ al  . Z +
- 2

a 2. Z  + .
- m

... +  a m. Z
( 1. 1 4)

x( z; 1
- 7

+ bl. Z  +
- 2

b 2. Z + ...
~ P

. +  b p. Z
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The transfer function can be obtained by taking the Z-transform of the impulse 

response. The frequency response can be obtained from the transfer function by setting 

|Z| = 1.

STRUCTURE

It was pointed out earlier that a discrete time system can be represented graphically 

with a network of adders/subtractors, multipliers and delays. The topology of such a 

network is defined as the STRUCTURE of the discrete system.

It is important to note that an infinite variety of structures may have the same transfer 

function.
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1. 3  I N T R O D U C TI O N T O  DI GI T A L  FI L T E R S

T h e  fi r st st a g e i n t h e d e si g n  of  di s c r et e  filt e r s i s c o n c e r n e d wit h  o bt ai ni n g  a t r a n sf e r 

f u n cti o n s ati sf yi n g t h e r e q ui r e d r e s p o n s e. T r a n sf e r  f u n cti o n s w hi c h  c o m p ri s e r ati o s of  

p ol y n o mi al s e x hi bit i m p ul s e r e s p o n s e s w hi c h  a r e of  i nfi nit e d u r ati o n. S u c h filt e r s a r e  

k n o w n a s H R  filt e r s. O n  t h e ot h e r h a n d,  t r a n sf e r f u n cti o n s c o m p ri si n g a p ol y n o mi al  

e x hi bit  i m p ul s e r e s p o n s e s of  fi nit e d u r ati o n. S u c h  filt e r s a r e k n o w n  a s FI R  filt e r s. FI R  

filt e r s h a v e  t h e a d v a nt a g e  of  b ei n g  u n c o n diti o n all y  st a bl e a n d  off e r  t h e p o s si bilit y  of  li n e a r 

p h a s e r e s p o n s e. T h e  di s a d v a nt a g e of FI R filt e r s i s t h at hi g h e r o r d e r s a r e r e q ui r e d  

c o m p a r e d wit h  H R  filt e r s t o s ati sf y a gi v e n  t ol e r a n c e s c h e m e.

W e  will  o nl y  c o n si d e r H R  filt e r s i n t hi s t h e si s.

DI GI T A L  R E A LI Z A TI O N  O F  DI S C R E T E  S Y S T E M S

A  di git al  si g n al i s o n e  i n w hi c h  b ot h  t h e i n d e p e n d e nt a n d d e p e n d e nt  v a ri a bl e s a r e  

di s c r et e.  A n  i d e al di git al  si g n al (i. e. o n e  i n w hi c h  t h e n u m b e r  of  di s c r et e  l e v el s f o r t h e 

d e p e n d e nt  v a ri a bl e  i s i nfi nit e) c a n b e  u s e d  t o e x a ctl y  r e p r e s e nt a di s c r et e  si g n al. A  di git al  

filt e r c a n b e  d e s c ri b e d  a s a di s c r et e  filt e r i n w hi c h  all  t h e si g n al s a r e di git al.

T h e  el e m e nt s  of  a  di s c r et e  s y st e m (fi g u r e 1. 4)  c a n  b e  r e ali z e d wit h  di git al  e q ui v al e nt s.  

I d e al di git al  a d d e r s a n d m ulti pli e r s  h a v e  z e r o p r o p a g ati o n  d el a y. I n p r a cti c e, a fi nit e 

p r o p a g ati o n  d el a y  i s a s s o ci at e d  wit h  b ot h  t h e s e el e m e nt s. T h e  d el a y  el e m e nt s m a y  b e  

r e ali z e d wit h  d el a y  li n e s o r  s hift r e gi st e r s.

A s y n c h r o n o u s  di git al  r e ali z ati o n s a r e p o s si bl e  wit h  d el a y  li n e s b ei n g  u s e d  t o r e ali z e  

t h e d el a y  el e m e nt.  I n s u c h s y st e m s, t h e d el a y s  a s s o ci at e d  wit h  a d d e r s  a n d  m ulti pli e r s  h a v e  

t o b e  c o n si d e r e d a s  p a rt  of  t h e d e si g n  p r o c e s s.  T h e  o b vi o u s  diffi c ulti e s  a s s o ci at e d  wit h  t hi s 

a p p r o a c h  m e a n  t h at it i s n ot  g e n e r all y  e m pl o y e d i n p r a cti c e.

I n p r a cti c e,  s y n c h r o n o u s di git al  r e ali z ati o n s a r e  g e n e r all y  e m pl o y e d. I n s u c h s y st e m s,  

t h e s hift r e gi st e r i s g e n e r all y  e m pl o y e d  t o r e ali z e t h e d el a y  el e m e nt  a n d  si n c e  t h e s y st e m i s 

cl o c k e d, t h e p r o p a g ati o n d el a y s a s s o ci at e d wit h  m ulti pli e r s  a n d a d d e r s a r e o nl y  

c o n si d e r e d i n d et e r mi ni n g  t h e m a xi m u m  cl o c ki n g f r e q u e n c y.
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Si n c e  t h e di git al  c o m p ut e r i s a s y n c h r o n o u s s y st e m, it c a n b e  u s e d  t o r e ali z e a  di git al  

filt e r.

D E SI G N  O F  DI GI T A L  FI L T E R S  [ 9, 1 0]

I n d e si g ni n g  f r e q u e n c y s el e cti v e filt e r s, t h e st a rti n g p oi nt  i s a s p e cifi c ati o n gi v e n i n 

t e r m s of  a t ol e r a n c e s c h e m e (fi g u r e 1. 5).  S u c h  a s c h e m e d efi n e s  t h e b o u n d a ri e s  wit hi n  

w hi c h  t h e a ct u al f r e q u e n c y r e s p o n s e m u st  li e.

T h e  fi r st st a g e of  t h e d e si g n  p r o c e s s i s t o fi n d a s uit a bl e t r a n sf e r f u n cti o n w hi c h  

s ati sfi e s t h e t ol e r a n c e s c h e m e. T hi s  i s e s s e nti all y a n a p p r o xi m ati o n p r o bl e m.  F o r  H R  

filt e r s, t h e m o st  c o m m o n  a p p r o a c h  i s t o s ol v e  t h e a p p r o xi m ati o n  p r o bl e m  i n t h e s- d o m ai n  

b y u si n g cl a s si c al a p p r o xi m ati o n m et h o d s  s u c h a s B utt e r w o rt h, C h e b y s h e v et c. T h e  

Z- d o m ai n  t r a n sf e r f u n cti o n i s t h e n o bt ai n e d  b y  m e a n s  of  t h e bili n e a r  t r a n sf o r m ati o n. T h e  

a p p r o xi m ati o n  p r o bl e m  c a n al s o  b e  s ol v e d i n t h e Z- d o m ai n  wit h  t h e ai d of  o pti mi z ati o n  

al g o rit h m s.

T h e  n e xt  st a g e i n t h e d e si g n  p r o c e s s  i s t o o bt ai n  a st r u ct u r e t o r e ali z e t h e t r a n sf e r 

f u n cti o n. It h a s  b e e n  p oi nt e d  o ut  t h at a  p a rti c ul a r  t r a n sf e r f u n cti o n m a y  b e  s ati sfi e d b y  a n  

i nfi nit e n u m b e r  of  st r u ct u r e s. T h e  c h oi c e of  st r u ct u r e i s e xt r e m el y  i m p o rt a nt f o r a  n u m b e r  

of  r e a s o n s.

C H OI C E  O F  DI GI T A L  FI L T E R  S T R U C T U R E

I n a r e al di git al  filt e r, b ot h  t h e si g n al s a n d  c o effi ci e nt s h a v e  t o b e  r e p r e s e nt e d wit h  a  

fi nit e n u m b e r  of  bit s.  T hi s  p r o c e s s  i s k n o w n a s q u a nti z ati o n. C o effi ci e nt  q u a nti z ati o n  

c a u s e s a d e vi ati o n  i n t h e f r e q u e n c y r e s p o n s e of  t h e di git al  filt e r. Si g n al q u a nti z ati o n  

c a u s e s q u a nti z ati o n n oi s e a n d m a y  c a u s e li mit c y cl e s. Diff e r e nt  st r u ct u r e s b e h a v e  

diff e r e ntl y  u n d e r  t h e s e c o n diti o n s. T h e  di git al filt e r d e si g n e r  i s i nt e r e st e d i n c h o o si n g  

st r u ct u r e s w hi c h  e x hi bit l o w s e n siti vit y t o q u a nti z ati o n.

F r o m  t h e i m pl e m e nt ati o n vi e w p oi nt,  t h e c o m pl e xit y of  t h e st r u ct u r e i s a n  i m p o rt a nt 

c o n si d e r ati o n. I n hi g h  s p e e d a p pli c ati o n s, t h e d e g r e e  of  i n h e r e nt p a r all eli s m  n e e d s  t o b e  

c o n si d e r e d. Al s o,  t h e a m e n a bilit y  of  t h e st r u ct u r e t o L SI  i nt e g r ati o n a n d  m ulti pl e x a bilit y  

s h o ul d b e  c o n si d e r e d.
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1. 4  A P P R O A C H E S  T O  D E SI G N  O F  DI GI T A L  FI L T E R  S T R U C T U R E S

T h e  g e n e r al  f o r m of  a di git al  filt e r t r a n sf e r f u n cti o n i s gi v e n  i n e q u ati o n ( 1. 1 4). T h e  

c o r r e s p o n di n g li n e a r diff e r e n c e  e q u ati o n  i s gi v e n  i n e q u ati o n ( 1. 6). F r o m  t hi s e q u ati o n,  

t h e st r u ct u r e of  fi g u r e 1. 6  c a n b e  d e ri v e d.  T hi s  w a s  t h e fi r st H R  di git al  filt e r st r u ct u r e t o 

b e  di s c o v e r e d  a n d  i s k n o w n  a s  t h e Di r e ct  f o r m I. I m pl e m e nt ati o n of  t hi s st r u ct u r e s h o w e d  

t h at it i s p a rti c ul a rl y  s e n siti v e t o c o effi ci e nt q u a nti z ati o n a n d e x hi bit s hi g h r o u n d off  

( q u a nti z ati o n) n oi s e. R e s e a r c h  o v e r t h e p a st  t w o d e c a d e s  h a s  b e e n  di r e ct e d  t o w a r d s 

fi n di n g alt e r n ati v e st r u ct u r e s w hi c h  e x hi bit l o w c o effi ci e nt s e n siti vit y a n d g e n e r at e l o w 

r o u n d off n oi s e.

I n t hi s s e cti o n, s o m e a p p r o a c h e s t o t h e d e si g n of  di git al filt e r st r u ct u r e s will  b e  

d e s c ri b e d.

DI R E C T  F O R M  II [ 7]

B y  e x a mi n ati o n  of  fi g u r e 1. 6  a n d  e q u ati o n s ( 1. 6) a n d ( 1. 1 4), it c a n b e  s e e n t h at t h e 

l eft h alf  of  fi g u r e 1. 6  r e ali z e s t h e z e r o e s of  G( Z)  w h e r e a s  t h e ri g ht h alf  r e ali z e s t h e p ol e s  

of  G( Z)  . It i s k n o w n  t h at t h e o r d e r  i n w hi c h  t h e z e r o e s a n d  p ol e s  a r e r e ali z e d d o e s  n ot  

m att e r.  T h e r ef o r e,  it i s p o s si bl e  t o r e ali z e G( Z)  a s s h o w n i n fi g u r e 1. 7.

T hi s  t y p e of  r e ali z ati o n i s c all e d di r e ct  f o r m II. It c a n b e s e e n t h at t hi s h a s  t h e 

mi ni m u m  n u m b e r  of  d el a y s  n e c e s s a r y  t o i m pl e m e nt G( Z).  F o r  t hi s r e a s o n, it i s al s o  c all e d  

a c a n o ni c f o r m n et w o r k.

C A S C A D E D  S E C O N D  O R D E R  S E C TI O N S [ 7]

T h e  di r e ct  f o r m st r u ct u r e s w e r e  o bt ai n e d di r e ctl y  f r o m t h e t r a n sf e r f u n cti o n G( Z).  

W e  c a n r e w rit e G( Z)  a s a p r o d u ct  of  s e c o n d o r d e r  f u n cti o n s a s f oll o w s:

j
G( Z)  = A. n

- 1
1  + al  k. Z  +

- 2
« 2 L Z

( 1- 1 5)
k =l

- 1 - 2
1  + bl k. Z  + b 2 k. Z

w h e r e  j =  p / 2  f o r p  e v e n a n d  j = ( p + 1)  1 2  f o r p  o d d. F o r  p  o d d, a 2 1 =  b 2 1 =  0.
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( N ot e : w e  h a v e t o c as c a d e s e c o n d o r d e r  s e cti o ns b e c a us e  fi rst o r d e r  s e cti o ns r e q uir e  
c o m pl e x c o effi ci e nts t o r e ali z e c o m pl e x p ol es).

T h e  st r u ct u r e i s s h o w n i n fi g u r e 1. 8.  E a c h  s e c o n d- o r d e r  s e cti o n c a n b e  r e ali z e d wit h  

di r e ct  f o r m st r u ct u r e s.

P A R A L L E L  S E C O N D  O R D E R  S E C TI O N S [ 7]

A s  a n  alt e r n ati v e  t o f a ct o ri zi n g t h e n u m e r at o r  a n d  d e n o mi n at o r  p ol y n o mi al s  of  G( Z),  

w e  c a n e x p r e s s G( Z)  a s a p a rti al  f r a cti o n e x p a n si o n i n t h e f o r m

- 7
j d O k + dl k. Z

G( Z)  =  B + E  ( 1. 1 6)
k =l

- 1 - 2
1  + al k. Z + a 2 k. Z

T h e  st r u ct u r e i s s h o w n i n fi g u r e 1. 9.  E a c h  s e c o n d o r d e r  s e cti o n c a n b e  r e ali z e d wit h  

di r e ct  f o r m st r u ct u r e s.

G R A Y- M A R K E L  S T R U C T U R E S

G r a y  a n d  M a r k el  h a v e  d e v el o p e d  t e c h ni q u e s f o r s y nt h e si zi n g di git al  l atti c e a n d  l a d d e r 

st r u ct u r e s f r o m di r e ct f o r m s [ 1 1- 1 4]. T h e s e t e c h ni q u e s a r e b a s e d o n o rt h o g o n al  

p ol y n o mi al  e x p a n si o n  of  t h e di r e ct  f o r m n u m e r at o r  a n d  a r e  u s e d  t o t r a n sf o r m t h e di r e ct 

f o r m i nt o a c a s c a d e of  l atti c e o r  l a d d e r st r u ct u r e s.

T h e  g e n e r al  o r d e r  of  t h e c a s c a d e f o r a  pt h  o r d e r  filt e r i s s h o w n i n fi g u r e 1. 1 0 a.  T h e  

s e cti o n s G( Z)  c a n b e  r e ali z e d i n a n y o n e  of  t h e f oll o wi n g f o r m s.

( 1) T w o  m ulti pli e r  l atti c e a s s h o w n i n fi g u r e 1. 1 0 b.

( 2) T h r e e  m ulti pli e r  l a d d e r a s s h o w n i n fi g u r e 1. 1 0 c.

( 3) N o r m ali z e d  l a d d e r a s s h o w n i n fi g u r e l.l O d.

I n a d diti o n, t h e s e cti o n s m a y  b e  r e ali z e d wit h  o n e  m ulti pli e r  l atti c e s [ 1 1].
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W A V E  DI GI T A L  FI L T E R  S T R U C T U R E S

W D F  st r u ct u r e s a r e d e ri v e d f r o m p a s si v e  a n al o g u e filt e r s [ 1 5- 1 7]. T h e  a n al o g u e  

n et w o r k  i s r e p r e s e nt e d i n t e r m s of  w a v e  v a ri a bl e s  i n t h e s- d o m ai n. E a c h  el e m e nt  of  t h e 

a n al o g u e n et w o r k  i s t r e at e d s e p a r at el y a n d t h e Z- d o m ai n  e q ui v al e nt s a r e o bt ai n e d  b y  

a p pli c ati o n of  t h e bili n e a r  t r a n sf o r m ati o n.

C o n si d e r,  f o r e x a m pl e, t h e c a p a cit o r s h o w n i n fi g u r e 1. 1 1.  T h e  w a v e  r e p r e s e nt ati o n  

of  t h e n et w o r k  i s a s f oll o w s

A =  V  +  I R
( 1. 1 7)

B  - V  - I R

w h e r e  A  i s t h e i n ci d e nt v olt a g e  w a v e  a n d  B  i s t h e r efl e ct e d v olt a g e  w a v e.  T h e  q u a ntit y  

R  i s k n o w n  a s t h e p o rt  r e si st a n c e a n d  i n t h e c a s e of  t h e c a p a cit o r i s gi v e n  b y 1 / C.  B y 

r e pl a ci n g s wit h  it s bili n e a r  t r a n sf o r m ati o n r e p r e s e nt ati o n i n Z  a n d  s ol vi n g t h e e q u ati o n s,  

t h e f oll o wi n g r el ati o n s hi p i s o bt ai n e d

- 1
B  = A. Z  ( 1. 1 8)

T h e  di git al  n et w o r k  t o r e ali z e t hi s e q u ati o n  i s s h o w n i n fi g u r e 1. 1 1.  T h e  w a v e  di git al  

r e p r e s e nt ati o n of  t h e m o st  c o m m o n a n al o g u e el e m e nt s i s s h o w n i n fi g u r e 1. 1 2.

W h e n  a n al o g u e  el e m e nt s  of  diff e r e nt  p o rt  r e si st a n c e s a r e  i nt e r c o n n e ct e d i n a  p a r all el  

o r  s e ri e s m a n n e r,  a  p a rt  of  t h e i n ci d e nt w a v e  will  b e  t r a n s mitt e d a n d  p a rt  r efl e ct e d at  t h e 

i nt e r c o n n e cti o n. T hi s  m u st  b e  t a k e n i nt o a c c o u nt  i n t h e di git al  e q ui v al e nt s.  T hi s  i s d o n e  

b y  fi r st m at h e m ati c all y  d e s c ri bi n g  t h e i nt e r c o n n e cti o n i n t e r m s of  w a v e  v a ri a bl e s  a n d  t h e n 

o bt ai ni n g  w a v e  di git al  e q ui v al e nt s i n t h e m a n n e r  d e s c ri b e d  b ef o r e.  T h e  r e s ulti n g di git al  

n et w o r k s  a r e k n o w n  a s a d a pt o r s a n d  a r e eit h e r  n- p o rt  p a r all el  o r  n- p o rt  s e ri e s a d a pt o r s  

a c c o r di n g t o t h e t y p e of  i nt e r c o n n e cti o n b ei n g  r e p r e s e nt e d. T h e  m ai n  f e at u r e s of  t h e 

d e ri v ati o n  of  t h e n- p o rt  p a r all el  a d a pt o r a r e ill u st r at e d i n fi g u r e 1. 1 3.

T h e r ef o r e, f o r a gi v e n a n al o g u e filt e r, e a c h el e m e nt i s r e pl a c e d b y it s di git al  

e q ui v al e nt  a n d  e a c h  i nt e r c o n n e cti o n i s r e pl a c e d b y  a n  a d a pt o r  i n o r d e r  t o o bt ai n  a  W D F.
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G E N E R A LI Z E D  W A V E  DI GI T A L  FI L T E R  S T R U C T U R E S

T h e  g e n e r ali z e d W D F  st r u ct u r e s [ 1 8- 2 0] a r e al s o d e ri v e d  f r o m p a s si v e a n al o g u e  

filt e r s. E a c h  el e m e nt i s c o n si d e r e d a s a t w o p o rt  n et w o r k  a n d i s d e s c ri b e d  i n t e r m s of  

w a v e  v a ri a bl e s.  I n t hi s m et h o d,  a d a pt o r s  w hi c h  a r e  n e c e s s a r y  i n t h e o n e  p o rt  d e s c ri pti o n  

( s e e s e cti o n o n  w a v e  di git al  filt e r st r u ct u r e s) a r e  n ot  n e e d e d  e x pli citl y  b ut  a r e  i n cl u d e d a s  

p a rt  of  t h e e q ui v al e nt  w a v e  fl o w di a g r a m s.  Si n c e  t h e i nt e r c o n n e cti n g p o rt  r e si st a n c e s a r e  

i d e nti c al, w a v e di git al e q ui v al e nt s of t h e a n al o g u e el e m e nt s c a n b e di r e ctl y  

i nt e r c o n n e ct e d. A s  a n  e x a m pl e,  t h e di git al  n et w o r k  f o r a  s e ri e s i n d u ct o r i s s h o w n i n fi g u r e 

1. 1 4.

T h e  w a v e  d e s c ri pti o n  of  t h e t w o p o rt  c a n b e  vi e w e d  a s a  li n e a r t r a n sf o r m ati o n of  t h e 

t r a n s mi s si o n m at ri x  [ 1 9, 2 0]. T hi s  a p p r o a c h  i s g e n e r ali z e d  a n d  c o n diti o n s a r e  gi v e n  u n d e r  

w hi c h  a li n e a r t r a n sf o r m ati o n w h e n  a p pli e d t o t h e t r a n s mi s si o n m at ri x  will  r e s ult i n a  

r e ali z a bl e di git al  n et w o r k.  A  n u m b e r  of  t r a n sf o r m ati o n s h a v e  b e e n  i d e ntifi e d [ 1 9, 2 0] 

w hi c h  all o w t h e d e ri v ati o n  of  a r a n g e of  di git al  filt e r st r u ct u r e s f r o m p a s si v e  a n al o g u e  

filt e r s.
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1. 5  A P P R O A C H E S  T O  I M P L E M E N T A TI O N O F  DI GI T A L  FI L T E R S

I m pl e m e nt ati o n m et h o d s  f o r di git al filt e r s m a y  b e cl a s sifi e d a s eit h e r s oft w a r e  

i m pl e m e nt ati o n o r  h a r d w a r e  i m pl e m e nt ati o n.

S O F T W A R E  I M P L E M E N T A TI O N

I n t hi s c a s e, t h e di git al filt e r si g n al fl o w di a g r a m i s vi e w e d a s a g r a p hi c al  

r e p r e s e nt ati o n of  t h e al g o rit h m. S oft w a r e  i m pl e m e nt ati o n m a y  b e  r e al-ti m e o r  n o n- r e al  

ti m e. N o n- r e al  ti m e a p pli c ati o n s  r e q ui r e t h e si g n al t h at i s t o b e  p r o c e s s e d  t o b e  st o r e d i n 

c o m p ut e r m e m o r y.  G e n e r all y,  t h e n u m b e r  r e p r e s e nt ati o n wit h  t hi s a p p r o a c h i s fl o ati n g 

p oi nt  a n d  t h e a v ail a bilit y  of  a l a r g e d y n a mi c  r a n g e f o r r e p r e s e nt ati o n of  b ot h  si g n al s a n d  

c o effi ci e nt s m e a n s  t h at t h e c h oi c e of  st r u ct u r e i s m o r e  fl e xi bl e t h a n i n t h e ot h e r  m et h o d s 

t o b e  di s c u s s e d.

Di git al  filt e r s c a n b e  i m pl e m e nt e d i n r e al-ti m e s oft w a r e o n  mi c r o p r o c e s s o r s o r  si g n al  

p r o c e s s o r s. Si g n al  p r o c e s s o r s [ 2 1] a r e s p e ci al p u r p o s e  mi c r o p r o c e s s o r s  g e a r e d t o w a r d s 

si g n al p r o c e s si n g  a p pli c ati o n s.

H A R D W A R E  I M P L E M E N T A TI O N

F o r h a r d w a r e i m pl e m e nt ati o n, e a c h el e m e nt i n t h e si g n al fl o w di a g r a m c a n b e  

i m pl e m e nt e d wit h  a  h a r d w a r e  e q ui v al e nt  i n bit- p a r all el  f o r m. I n g e n e r al,  di git al  filt e r s a r e  

c o m pl e x  di git al  n et w o r k s  a n d  t h e r e q ui r e m e nt s f o r h a r d w a r e  m e a n  t h at i n m o st  c a s e s s u c h  

a n a p p r o a c h  i s i m p r a cti c al.

Alt e r n ati v el y, e a c h el e m e nt i n t h e si g n al fl o w di a g r a m c a n b e i m pl e m e nt e d i n 

bit- s e ri al  f o r m. S u c h  a n a p p r o a c h  will  r e q ui r e l e s s h a r d w a r e  b ut  will  b e  sl o w e r. Cl e a rl y,  

t h e t r a d e off b et w e e n  t h e bit- s e ri al  a n d bit- p a r all el a p p r o a c h e s i s b et w e e n  c o m pl e xit y  

a n d s p e e d. It i s al s o w o rt h  p oi nti n g  o ut  t h at t h e i n c r e a s e i n t h e si g n al a n d c o effi ci e nt  

w o r dl e n gt h s  will  p r o p o rti o n all y  d e c r e a s e  t h e s p e e d i n t h e bit- s e ri al  a p p r o a c h  a n d, i n t h e 

bit- p a r all el  a p p r o a c h,  t h e c o m pl e xit y will  b e  p r o p o rti o n all y  i n c r e a s e d. T h e  c o m pl e xit y i n 

t h e bit  - s e ri al a p p r o a c h  will  al s o  i n c r e a s e d u e  t o a n  i n c r e a s e i n t h e st o r a g e r e q ui r e m e nt s.
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Early digital filter implementations employed bit-serial techniques because of the 

limited capabilities of the available ICs [22-24]. More recently, the availability of parallel 

multipliers and adders in single ICs have made bit-parallel implementations more 

practical. When considering VLSI implementation, bit-parallel techniques are necessary 

when high speeds are required. However, in the interests of minimizing silicon area and 

power requirements, bit-serial techniques [25-30] should be employed when speed 

requirements permit.

Depending on the structure on which the digital filter is based, multiplexing may be 

employed to reduce the complexity. Obviously, this will result in a lower speed. 

Multiplexing may be based on elements such as multipliers and adders or, it may be done 

at a higher level such that filters of arbitrary order are implemented by time multiplexed 

filters of lower order.

The multiplier is the most complex component in digital filters. Therefore, alternative 

methods of implementing the multiplication function in a more efficient manner are of 

interest. One such method is the distributed-arithmetic approach [31-34]. This technique 

is based on implementing the sum-of-products using an algorithm called 

distributed-arithmetic. The hardware implementation is carried out using ROMs and 

shift-add circuits. Hence, this technique is also referred to as the ROM-accumulator 

approach.

In the above discussion, some of the major aspects of digital filter implementation 

have been outlined. Any combination of these, or the many techniques available for 

digital system design, may be employed in practice. The exact method chosen will be 

influenced by the sampling frequency requirements, system requirements and the 

technology available. However, in any implementation, a common goal is to maximize the 

sampling frequency and minimize the hardware complexity.
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1. 6  V L SI  I M P L E M E N T A TI O N O F  DI GI T A L  FI L T E R S

A n  i d e al a r c hit e ct u r e  f o r V L SI  i m pl e m e nt ati o n s h o ul d p o s s e s s  t h e f oll o wi n g att ri b ut e s  

[ 3 5].

R E G U L A RI T Y

A n  a r c hit e ct u r e  i s s ai d t o b e  r e g ul a r if it i s a n  o r d e r e d  r e p etiti o n of  a si m pl e c ell. A  

si m pl e c ell i s o n e  w hi c h  c o m p ri s e s a s m all n u m b e r  of  g at e s.

T h e  V L SI  d e si g n  of  a r e g ul a r a r c hit e ct u r e  i s t h e n r e d u c e d t o t h e d e si g n  of  t h e c ell.  

T hi s  i s t h e b e st  m et h o d  of  m a n a gi n g  t h e c o m pl e xit y of  V L SI  d e si g n.

P A R A L L E LI S M

I n a n y di git al  s y st e m, t h e d e g r e e  of  p a r all eli s m  will  i nfl u e n c e t h e effi ci e n c y of  t h e 

h a r d w a r e. S o m e i d e a of  t h e effi ci e n c y of  a p a rti c ul a r  a r c hit e ct u r e m a y  b e g ai n e d b y  

e v al u ati n g  t h e n u m b e r  of  o p e r ati o n s  c a r ri e d o ut  b y  e a c h  el e m e nt ( g at e, c ell et c) o v e r  a  

p e ri o d of  ti m e. I n g e n e r al, p a r all eli s m  i s e m pl o y e d t o r e d u c e t h e c o m pl e xit y of  t h e 

p r o p a g ati o n  p at h  i n a n y s y st e m o r  s u b s y st e m s o a s t o i n c r e a s e it s t h r o u g h p ut r at e a n d  

t h e r e b y i n c r e a s e t h e effi ci e n c y  of  it s el e m e nt s.

P a r all eli s m  m a y  b e  o bt ai n e d  b y  pi p eli ni n g.

S H O R T  I N T E R C O N N E C TI O N L E N G T H

I nt e r c o n n e cti o n s i n V L SI  s y st e m s s h o ul d  b e  k e pt  t o a  mi ni m u m  b e c a u s e  of  t h e sili c o n  

a r e a  r e q ui r e d a n d  t h e a s s o ci at e d  d el a y s.

T h e  t r a n s mi s si o n of si g n al s t h r o u g h i nt e r c o n n e cti o n s i n I C s i s g o v e r n e d b y t h e 

diff u si o n  e q u ati o n. T hi s  m e a n s  t h at t h e r el ati o n s hi p b et w e e n  i nt e r c o n n e cti o n l e n gt h a n d  

p r o p a g ati o n d el a y t a k e s a n e x p o n e nti al f o r m. T h e r ef o r e,  i n t h e i nt e r e st s of s p e e d,  

i nt e r c o n n e cti o n l e n gt h s s h o ul d b e  k e pt  a s s h o rt a s p o s si bl e.

T h e r ef or e,  a n  i d e al a r c hit e ct u r e  f r o m t h e V L SI  vi e w p oi nt  s h o ul d c o m p ri s e a n  a r r a y  

of  si m pl e c ell s w hi c h  o nl y r e q ui r e c o m m u ni c ati o n wit h  a dj oi ni n g c ell s. F u rt h e r m o r e,  

d u ri n g  n o r m al  o p e r ati o n, all  t h e c ell s s h o ul d o p e r at e  i n p a r all el.
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Array type architectures which satisfy the above requirements to a large extent are 

systolic arrays [36-38] and wavefront arrays [39,40].

Systolic arrays are pipelined array architectures that comprise a set of interconnected 

cells which are all identical and capable of performing some simple operations. Each cell 

is known as a processing element (PE) and each PE is only connected to adjoining PEs. 

Data is synchronously pumped in and out of each PE and during normal operation, all 

PEs operate in parallel. A disadvantage of systolic arrays is that synchronization requires 

the distribution of a clock signal over the whole array. This problem is circumvented in 

wavefront arrays by including control functions within each PE to allow exchange of data 

between adjoining PEs. This leads to a more complex PE.

Although array type architectures are very suitable for VLSI implementation, their 

suitability for implementing a particular function is dependent on the efficiency with 

which the function can be mapped onto the array architecture. The massive parallelism 

inherent in array architectures is obtained through pipelining and implementation of the 

pipelining function requires storage elements in each PE. The array architectures can only 

be used to their full potential when the function to be implemented can also be pipelined 

to the same degree as the array. Otherwise the additional hardware complexity of the 

array architecture may mean that it is not the most suitable architecture.

For a given function, a more direct approach to VLSI design may be more 

appropriate. The availability of standard functions (addition, multiplication, etc) as 

standard cells in most VLSI technologies means that the design process is simplified. For 

digital filters, the main building blocks required are adders/subtractors, multipliers and 

shift registers. These are common functions and a variety of methods are generally 

available for their design and standard cells are also generally available.

The main aim in the VLSI design of digital filters is to maximize the sampling 

frequency and minimize the silicon area. A useful goal is to design architectures which will 

take the form of macrocells in cell based systems such that a single cell may be used to 

implement a digital filter. The complexity of digital filters means that such architectures 

must employ multiplexing. This approach can be taken a step further by ensuring that the 
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basic cell architecture is such that a number of these may be used together to satisfy 

higher sampling frequency requirements.

- 20 -



1.7 OBJECTIVES IN THIS THESIS

The aim in this thesis is to design architectures for the VLSI implementation of digital 

filters. In the pursuit of this goal, an emphasis is placed on the relationship between 

structure and architecture and on exploitation of particular aspects of structures to design 

efficient architectures.

The first step in the design of architectures for digital filters- is to identify digital filter 

structures which are best suited to VLSI implementation. The following structures were 

selected for detailed study; direct form II, cascaded second order sections, parallel 

second order sections, Gray-Markel normalized ladder, cascaded unit elements WDF, 

lattice WDF, LC-ladder WDF and IVR generalized WDF.

The representation of signals and coefficients with a finite number of bits causes a 

degradation in filter performance. It is well known that the degree of degradation is 

dependent on the type of filter structure and for a given specification, some structures will 

require longer wordlengths for signal and coefficient representation. Also, some structures 

are known to possess better stability properties and will therefore be more suited to 

certain applications. In order to retain wider application, structures with good stability 

properties are to be preferred for VLSI implementation. The above structures will be 

studied in detail from the viewpoint of finite wordlength effects in chapter 2 and 

comparisons will be made.

Digital filter structures differ in their hardware requirements and topology. From the 

hardware implementation viewpoint, some structures are more suitable than others. 

Important aspects to consider are the hardware complexity, multiplexability and speed. 

The hardware complexity is determined by the number of elements required to 

implement a particular structure and is influenced by the finite wordlength properties of 

the structure. In structures where multiplexing is possible, a filter of arbitrary order may 

be implemented by time multiplexing a subsection of the filter. Multiplexability allows the 

tradeoff between speed and amount of hardware. The maximum sampling frequency 

possible is determined by the complexity of the path through which a signal must 

propagate in one sampling interval. This is influenced by the degree of parallelism 

inherent in the structure and the parallelism may, in part, be due to pipelining due to the 

- 21 -



delay elements. The previously mentioned structures will be studied in detail from the 

hardware implementation viewpoint in chapter 3 and comparisons will be made.

Through arguments presented in chapters 2 and 3, it will be shown that of the 

structures considered, the cascaded unit elements and the lattice WDF are the most 

suitable for VLSI implementation.

The cascaded unit elements WDF will be considered in detail in chapter 4. A novel 

program for the design of filters based on this structure will be presented. The program is 

based on a heuristic approach and is intended for designing filters with finite wordlength 

coefficients. The multiplexability and parallelism properties of the structures are exploited 

in the design of a novel architecture for VLSI implementation. Pipelining of the 

multiplexed section is employed to improve the speed and thereby increase the efficiency 

of the architecture. A program for the functional level simulation of the architecture will 

be given.

Lattice WDF structures will be considered in detail in chapter 5. Design programs for 

lattice WDFs based on cascaded unit elements and LC ladder networks will be presented. 

Lattice WDFs based on all-pass sections will be considered and a number of architectures 

for this structure will be given. The lattice WDFs based on cascaded unit elements are the 

simplest from the VLSI implementation viewpoint and architectures for this type of lattice 

WDF will also be given.

The realization of a discrete system with a synchronous digital system in which the 

delay elements are realized with shift registers clocked at the sampling frequency only 

behaves like the discrete system at the clock edges. Realization of delays of half the 

sampling period requires clocking at twice the sampling rate and the digital system, in 

effect, behaves like the discrete system twice in a sampling interval. This property can be 

exploited to process two signals, skewed by half the sampling period, simultaneously. This 

will be the subject of chapter 6 where it will be shown that WDFs based on unit elements 

can be used to process two signals simultaneously. No modifications are required. The two 

signals to be processed in this manner are simply skewed by half the sampling period with 

respect to one another and added. The combined signal forms the input to the digital 
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filter and the output of the filter is resolved to obtain the component signals. Simulation 

results for a number of examples will be given in order to demonstrate this property.

The above property has been exploited in the design of a reconfigurable 

programmable architecture which may be used to realize two separate cascaded unit 

elements WDFs, two cascaded unit elements WDFs in cascade, or a lattice WDF based 

on cascaded unit elements. The architecture is particularly efficient in terms of hardware 

requirements in that it is based on a single multiplexed two port adaptor and requires little 

additional hardware to achieve the versatility that it possesses. Furthermore, the 

efficiency of the hardware is optimum since during normal operation, two samples (of 

different signals) are processed during each sampling period. This architecture will be 

discussed in chapter 7 and a program for functional level simulation will be given with 

appropriate results to demonstrate that the architecture is functionally correct.

The same ideas as above have been used in the design of a reconfigurable, 

programmable architecture which may be used to implement two separate LC ladder 

WDFs, two LC ladder WDFs in cascade, or a lattice WDF based on LC ladder networks. 

This architecture is based on a three port adaptor and is discussed in chapter 8. A 

program for functional level simulation and appropriate results are given in chapter 8.
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FIGURE 1.7 : DIRECT FORM II
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FIGURE 1.8 : CASCADED SECOND ORDER SECTIONS

FIGURE 1.9 : PARALLEL SECOND ORDER SECTIONS
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CHAPTER TWO

COMPARISON OF DIGITAL FILTER STRUCTURES FROM 
THE FINITE WORDLENGTH EFFECTS VIEWPOINT

2.1 INTRODUCTION

In real digital filters, both the signals and coefficients have to be represented with a 

finite number of bits. This causes a number of undesirable effects which are dependent 

on the type of digital filter structure as well as a number of other factors. These effects 

can be measured in order to express quantitatively the degradation in filter performance. 

It is known that the degree of degradation is dependent on the wordlengths of the 

coefficients and signals and these must be determined during the design stage in order to 

meet given specifications.

For hardware implementation, the coefficient wordlength requirement will influence 

the complexity of the multipliers and the signal wordlength requirement will dictate the 

complexity of all the elements in a digital filter. Therefore, it is important to identify those 

structures which have low sensitivity to variations in coefficient values and exhibit a high 

signal to noise ratio for a given signal wordlength.

It is the aim of this chapter to study in detail the finite wordlength properties of the 

structures discussed in chapter 1 and to draw a comparison. The chapter begins with a 

discussion of coefficient quantization effects and measures for these (section 2.2), 

followed by a discussion of signal quantization effects and measures for these (section 

2.3). Software which has been written for simulating digital filters is outlined in section 

2.4 and examples are given to illustrate the main features.

In order to study experimentally some of the finite wordlength properties of the 

structures, a number of filters based on each type of structure were designed and 

simulated. Measures of finite wordlength effects were obtained and are detailed in section 

2.5. These results are used as a basis for a comparison of the structures and also 
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manipulated and expressed in terms of number of bits so as to give an indication of the 

hardware implications.

The stability aspects of the structures and a comparison based on these is given in

section 2.6.
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2. 2  C O E F FI CI E N T  Q U A N TI Z A TI O N  E F F E C T S

I n a n  i d e al di git al  filt e r, t h e bi n a r y  r e p r e s e nt ati o n of  t h e m ulti pli e r  c o effi ci e nt s m a y  

r e q ui r e a n  i nfi nit e n u m b e r  of  bit s.  I n p r a cti c e,  t h e s e c o effi ci e nt s h a v e  t o b e  a p p r o xi m at e d  

wit h  a fi nit e n u m b e r of bit s a n d t hi s p r o c e s s i s g e n e r all y r ef e r r e d t o a s c o effi ci e nt  

q u a nti z ati o n.

I n a li n e a r s y st e m (i. e i nfi nit e si g n al w o r dl e n gt h),  t h e eff e ct of c o effi ci e nt  

q u a nti z ati o n  i s a d e vi ati o n  i n t h e f r e q u e n c y r e s p o n s e c h a r a ct e ri sti c f r o m it s i d e al p o siti o n.  

It i s k n o w n  t h at t h e d e g r a d ati o n  i n t h e f r e q u e n c y r e s p o n s e c h a r a ct e ri sti c i s d e p e n d e nt  o n  

t h e t y p e of  di git al  filt e r st r u ct u r e, t h e c o effi ci e nt w o r dl e n gt h,  t h e t y p e of  a p p r o xi m ati o n  

f u n cti o n u s e d  i n t h e d e si g n  ( e. g. B utt e r w o rt h  o r  C h e b y s h e v),  a n d  t h e t ol e r a n c e s c h e m e  

(i. e. t h e p a s s b a n d,  st o p b a n d a n d  t r a n siti o n b a n d  r e q ui r e m e nt s).

A  m e a s u r e  of  t h e d e g r a d ati o n  d u e  t o c o effi ci e nt q u a nti z ati o n  m a y  b e  o bt ai n e d  b y  

m e a s u ri n g,  i n s o m e w a y,  t h e d e vi ati o n  of  t h e a m plit u d e  r e s p o n s e c h a r a ct e ri sti c. O n e  s u c h 

t e c h ni q u e h a s  b e e n  p r o p o s e d  b y  C r o c hi e r e  [ 4 1]. T hi s  i n v ol v e s t h e d efi niti o n  of  a n  e r r o r  

f u n cti o n a s f oll o w s :

r el ati v e e r r o r = ( h m a x- h mi n- a m)l a m f o r ( h m a x- h mi n) > a m

r el ati v e e r r o r =  0  f o r ( h m a x- h mi n) < = a m

w h e r e

h m a x  =  m a xi m u m  a m plit u d e  i n t h e p ass b a n d  ( d B)

h mi n  =  mi ni m u m  a m plit u d e  i n t h e p ass b a n d  ( d B)

a m  =  o ri gi n all y  s p e cifi e d ri p pl e i n t h e p ass b a n d  ( d B)

T h e  di s a d v a nt a g e  of  t hi s m et h o d  i s t h at o nl y  p a s s b a n d  b e h a vi o u r  i s d e s c ri b e d.

Ot h e r  m at h e m ati c al  t e c h ni q u e s w hi c h  d e s c ri b e  t h e e r r o r  b et w e e n  t w o f u n cti o n s m a y  

al s o  b e  u s e d  b ut  t h e s e s uff e r f r o m t h e di s a d v a nt a g e of  d e s c ri bi n g  o v e r all  d e vi ati o n s  a n d  

n ot d e vi ati o n s r el e v a nt t o filt e r c h a r a ct e ri sti c s. Wit h  r e s p e ct t o t hi s, a t e c h ni q u e i s 

d e s c ri b e d  b el o w  w hi c h  i s b a s e d  o n  v a ri ati o n s  i n t h e t ol e r a n c e s c h e m e.
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Filter specifications are generally given in terms of a tolerance scheme (see figure 

2.1), i.e. passband ripple in dB, passband edge frequency, maximum stopband gain in dB 

and stopband edge frequency. Clearly, it would be more useful than the previously 

described techniques to obtain variations in all these parameters with coefficient 

wordlength. What is required is a method of extracting the above parameters from a given 

amplitude response. A method for doing this in software will be described in section 2.4.

The availability of a finite number of bits for the representation of each coefficient 

means that there is a finite number of values that each coefficient can take. The 

possibility that a different combination of finite wordlength coefficients may give a better 

frequency response forms the basis of optimization methods which are generally used at 

some stage in the finite wordlength design of digital filters [42],
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2. 3  SI G N A L  Q U A N TI Z A TI O N  E F F E C T S

T h e  a rit h m eti c o p e r ati o n s  i n a n  i d e al di git al  filt e r a r e li n e a r. H o w e v e r,  i n r e al di git al  

filt e r s, t h e a rit h m eti c o p e r ati o n s  a r e n o n-li n e a r  d u e  t o fi nit e si g n al w o r dl e n gt h.  T h e s e  

n o n-li n e a riti e s  gi v e ri s e t o s e v e r al u n d e si r a bl e  eff e ct s.

2. 3. 1  Q U A N TI Z A TI O N  N OI S E

T h e  a p p r o xi m ati o n of a n i d e al di s c r et e si g n al (i. e. o n e w hi c h  m a y  a s s u m e a n y  

a m plit u d e  v al u e)  wit h  a fi nit e n u m b e r  of  bit s  r e s ult s i n a n  e r r o r  c o m p o n e nt w hi c h  h a s  t h e 

st ati sti c al p r o p e rti e s  of  w hit e  n oi s e  f o r m o st  t y p e s of  i n p ut si g n al. C o n s e q u e ntl y,  t hi s e r r o r  

i s g e n e r all y  c all e d q u a nti z ati o n  n oi s e  a n d  i s m e a s u r e d  i n R M S  u nit s  a n d  c a n  b e  e x p r e s s e d  

a s a si g n al t o n oi s e  r ati o i n d B.  T h e  si g n al t o n oi s e  r ati o i s a  m o r e  m e a ni n gf ul  e x p r e s si o n  

si n c e it gi v e s a m e a s u r e  of  t h e n oi s e  r el ati v e t o t h e si g n al.

I n di git al  filt e r s e m pl o yi n g  fi x e d p oi nt  a rit h m eti c,  t h e s o u r c e s of  q u a nti z ati o n  e r r o r  a r e  

t h e a n al o g t o di git al  c o n v e rt e r a n d t h e m ulti pli e r s.  I n s y st e m s e m pl o yi n g fl o ati n g p oi nt  

a rit h m eti c, t h e a d d e r s al s o  p r o d u c e  q u a nti z ati o n  n oi s e.

T h e  si g n al t o n oi s e  r ati o i n a di git al  filt e r i s d e p e n d e nt  o n  t h e si g n al w o r dl e n gt h,  t h e 

a p p r o xi m ati o n  m et h o d  (i. e. t y p e of  r o u n d off), t h e t y p e of  n e g ati v e  n u m b e r  r e p r e s e nt ati o n  

a n d  si n c e a r e al di git al  filt e r i s a n o n-li n e a r  s y st e m, o n  t h e i n p ut si g n al.

T h e r e  a r e t w o t y p e s of  a p p r o xi m ati o n; t r u n c ati n g o r  r o u n di n g. T h e  e r r o r s f o r a n  

m- bit  si g n al a r e a s f oll o w s :

. R O U N DI N G:  t h e e r r o r i s i n t h e r a n g e - 2 * *(- m-J_) t o 2*

•  2 ’s C O M P L E M E N T  T R U N C A TI O N  ( al s o k n o w n  a s  v al u e  t r u n c ati o n): if t h e 

2 ’s c o m pl e m e nt  r e p r e s e nt ati o n i s u s e d,  t h e e r r o r  i s al w a y s  n e g ati v e  a n d  i n t h e 

r a n g e 0  t o

•  M A G NI T U D E  T R U N C A TI O N:  if t h e si g n- m a g nit u d e n e g ati v e n u m b e r  

r e p r e s e nt ati o n i s u s e d,  t h e e r r o r  i s b et w e e n  0  a n d  - 2 * * (- m) if t h e n u m b e r  i s 

p o siti v e  a n d  b et w e e n  2 * *(- m)  a n d z e r o if t h e n u m b e r  i s n e g ati v e.
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( n ot e t h at t h e s y m b ol * * d e n ot es  ’t o t h e p o w e r  of ’).

* N ot e  t h at i n t h e c o m p ut e r  si m ul ati o ns d es c ri b e d  i n t his t h esis, a n  i d e al filt er is 
a p p r o xi m at e d  b y  usi n g  d o u bl e  p r e cisi o n  a rit h m eti c.

Q u a nti z ati o n  n oi s e  c a n b e  m e a s u r e d  b y  si m ul ati n g b ot h  t h e i d e al filt e r (li n e a r) * a n d  

t h e fi nit e si g n al w o r dl e n gt h  filt e r ( n o n-li n e a r) i n t h e ti m e d o m ai n.  T h e  s a m e i n p ut si g n al  

i s a p pli e d  t o b ot h  filt e r s a n d  t h e o ut p ut s  a r e  s u bt r a ct e d  t o gi v e  t h e n oi s e  si g n al. T h e  R M S  

v al u e s of  t h e i n p ut si g n al a n d  t h e n oi s e  si g n al a r e o bt ai n e d  a n d u s e d  t o d et e r mi n e  t h e 

si g n al t o n oi s e  r ati o. It i s i m p o rt a nt t o n ot e  t h at i n t h e a b o v e, t h e i niti al c o n diti o n s f o r 

b ot h  filt e r s m u st  b e  z e r o a n d  t h e c o effi ci e nt s m u st  b e  q u a nti z e d  t o t h e s a m e v al u e s f o r 

b ot h  filt e r s.

A n  a n al yti c a p p r o a c h  t o t h e d et e r mi n ati o n  of  q u a nti z ati o n  n oi s e  h a s  b e e n  p r o p o s e d  

b y  J a c k s o n [ 4 3]. T hi s  t e c h ni q u e i s b a s e d  o n  t w o a s s u m pti o n s.  T h e  fi r st a s s u m pti o n  i s t h at 

t h e e r r o r s d u e t o r o u n d off a r e u n c o r r el at e d  f r o m s a m pl e t o s a m pl e a n d t h e s e c o n d  

a s s u m pti o n  i s t h at t h e e r r o r s  a r e  u n c o r r el at e d  f r o m m ulti pli e r  ( o r ot h e r  r o u n di n g p oi nt)  t o 

m ulti pli e r.  T h e  a d v a nt a g e  of  a s s u mi n g  u n c o r r el at e d  e r r o r s f r o m o n e  s a m pl e t o a n ot h e r  i s 

t h at t h e n oi s e  i nj e ct e d i nt o t h e filt e r b y  e a c h  r o u n di n g p oi nt  i s t h e n ’w hit e ’, w hil e  t h e 

a d v a nt a g e  of  a s s u mi n g  u n c o r r el at e d  e r r o r  s o u r c e s i s t h at t h e o ut p ut  n oi s e  p o w e r  s p e ct r u m  

m a y  t h e n b e  c o m p ut e d a s si m pl y t h e s u p e r p o siti o n of  t h e (filt e r e d) n oi s e  s p e ct r a d u e  t o 

t h e s e p a r at e e r r o r s o u r c e s. T h e  a n al y si s i s c a r ri e d o ut b y  r e pl a ci n g e a c h n o n-i d e al  

m ulti pli e r  wit h  a n  i d e al m ulti pli e r  a n d a n oi s e  s o u r c e ( s e e fi g u r e 2. 2)  a n d  a n al y si n g  t h e 

n et w o r k  i n t h e f r e q u e n c y d o m ai n.

A  di s a d v a nt a g e  of  t hi s t e c h ni q u e i s t h at t h e a c c u r a c y  of  t h e r e s ult s i s d e p e n d e nt  o n  

t h e r el e v a n c e of  t h e a s s u m pti o n s t o a gi v e n sit u ati o n. A  s e c o n d di s a d v a nt a g e  i s t h at 

o v e rfl o w  i s n ot  d et e ct e d  wit h  t hi s a p p r o a c h.

T h e  m et h o d  a d o pt e d i n t hi s t h e si s f o r m e a s u ri n g  q u a nti z ati o n  n oi s e  i n v ol v e s ti m e 

d o m ai n  si m ul ati o n a s  di s c u s s e d  e a rli e r.  O v e rfl o w  d et e cti o n  i s i n cl u d e d a n d  si n c e t h e si g n al  

t o n oi s e  r ati o i s d e p e n d e nt  o n  t h e t y p e of  i n p ut si g n al, a v a ri et y of  i n p ut si g n al s a r e  

e m pl o y e d. T hi s  i s di s c u s s e d  m o r e  f ull y i n s e cti o n 2. 4.
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2. 3. 2  O V E R F L O W

T h e  a d diti o n  of  t w o n u m b e r s  m a y  r e s ult i n a n u m b e r  w hi c h  i s l a r g e r t h a n t h at w hi c h  

c a n b e r e p r e s e nt e d wit h  t h e a v ail a bl e n u m b e r of bit s. T hi s c o n diti o n i s k n o w n a s  

o v e rfl o w.

O v e rfl o w  c a n b e  a v oi d e d  b y  e m pl o yi n g s c ali n g s u c h t h at n o  si g n al c a n e v e r  b e c o m e  

l a r g e r i n m a g nit u d e  t h a n t h e l a r g e st p o s si bl e  n u m b e r  t h at c a n b e  r e p r e s e nt e d wit h  t h e 

a v ail a bl e  n u m b e r  of  bit s.  H o w e v e r,  t hi s t y p e of  s c ali n g will  l e a d t o a n  i m p r a cti c all y l a r g e 

n u m b e r  of  bit s  f o r t h e si g n al i n vi e w  of  t h e d e si r e d  d y n a mi c  r a n g e. T hi s  m e a n s  t h at i n 

m o st  p r a cti c al  filt e r s, o v e rfl o w  m a y  o c c u r  [ 4 4].

If a n o v e rfl o w  o c c u r s,  a n u m b e r  of  diff e r e nt  m e a s u r e s  c a n b e  t a k e n;

•  S A T U R A TI O N:  t h e w o r d  t h at c a u s e s t h e o v e rfl o w  i s r e pl a c e d b y  a w o r d  

h a vi n g  t h e s a m e si g n b ut  a m a g nit u d e  c o r r e s p o n di n g t o t h e o v e rfl o w  l e v el.

•  Z E R OI N G:  t h e w o r d  t h at c a u s e s t h e o v e rfl o w  i s r e pl a c e d wit h  z e r o.

•  2 ’s C O M P L E M E N T:  di s c a r di n g  t h e bit s  t h at c a u s e t h e o v e rfl o w  h a s  s p e ci al  

a d v a nt a g e s wit h  2 ’s c o m pl e m e nt a rit h m eti c, si n c e o v e rfl o w s  i n i nt e r m e di at e 

r e s ult s d o  n ot  c a u s e o v e rfl o w s  a s l o n g a s t h e fi n al r e s ult d o e s  n ot  o v e rfl o w  [ 9].

T h e  i m p o rt a nt p oi nt  t o n ot e  i s t h at i n a p r a cti c al  di git al  filt e r, o v e rfl o w  i s t o b e  

e x p e ct e d. It i s n e c e s s a r y, t h e r ef o r e, t o k n o w t h e b e h a vi o u r of  t h e filt e r s h o ul d a n  

o v e rfl o w  o c c u r. A  p r a cti c al  filt e r s h o ul d s ati sf y t h e f o r c e d r e s p o n s e st a bilit y c o n diti o n.  

F o r c e d- r e s p o n s e  st a bilit y i m pli e s t h at t h e eff e ct s d u e  t o o v e rfl o w  di e  o ut  o n c e  t h e i n p ut 

si g n al h a s  d e c r e a s e d  t o a l e v el f o r w hi c h,  u n d e r  li n e a r c o n diti o n s, t h e si g n al v al u e s  i n si d e 

of  t h e ci r c uit w o ul d  at n o  p oi nt  e x c e e d  t h e a v ail a bl e  r a n g e [ 4 5].

2. 3. 3  LI MI T  C Y C L E  O S CI L L A TI O N S

Li mit  c y cl e s a r e o s cill ati o n s  of  fi x e d a m plit u d e a n d  p e ri o d  t h at o c c u r  i n n o n-li n e a r  

s y st e m s. T h e  o c c u r r e n c e  of  li mit c y cl e s i n n o n-li n e a r  s y st e m s m a k e s  it n e c e s s a r y  t o d efi n e  
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instability in terms of acceptable magnitudes of oscillation, since a very small non-linear 

oscillation may not be detrimental to the performance of a system [46].

Two types of limit cycles are known in digital filter; small scale limit cycles (also 

known as granularity) and large scale limit cycles (also known as overflow oscillations). 

Small scale limit cycles are generated by quantization error sequences that are highly 

correlated. Such error sequences arise when the input to a digital filter is zero, constant or 

other type of signal with a very small amplitude [47].

Small scale limit cycles may be acceptable in some applications but it is necessary to 

be able to determine bounds on the magnitudes of the limit cycles and how many bits are 

required for the signal wordlength in order to keep the magnitude of the oscillations 

within tolerable limits [48]. It is worth noting that limit cycles are more disturbing than 

quantization noise, and thus in some applications suppressing limit cycles may be more 

important than reducing quantization noise.

Large scale limit cycles occur in digital filters implemented with 2’s complement or l’s 

complement arithmetic and are due to overflow of adders rather than arithmetic roundoff 

(small scale limit cycles are due to arithmetic roundoff) [49]. Large scale limit cycles are 

not acceptable in practice and it is therefore important to eliminate the possibility that 

they can occur. This can be done by employing adders which saturate when an overflow 

condition is present.

- 39 -



2. 4  SI M U L A TI O N  S O F T W A R E

I n t hi s s e cti o n, a p r o g r a m  f o r t h e si m ul ati o n of  di git al  filt e r s will  b e  d e s c ri b e d.  T h e  

p r o g r a m  i s c all e d DI F SI P;  a n  a c r o n y m  f o r Di git al  Filt e r  Si m ul ati o n  P r o g r a m.  T h e  c e nt r al  

ti m e d o m ai n  si m ul ati o n al g o rit h m  f o r DI F SI P  i s t a k e n f r o m t h e P u r d u e  U ni v e r sit y  di git al  

n et w o r k  a n al y si s p r o g r a m,  DI N A P  [ 5 0, 5 1].

DI F SI P  i s w ritt e n  i n f o rt r a n 7 7  a n d  t h e c o d e i s s h o w n i n a p p e n di x  Al.

2. 4. 1  P R O G R A M  O U T LI N E

DI F SI P  c a n si m ul at e a di git al  filt e r s o t h at w e  c a n o bt ai n  t h e f oll o wi n g i nf o r m ati o n at  

a n y  n o d e  :

•  f r e q u e n c y r e s p o n s e wit h  i nfi nit e p r e ci si o n  o r  fi nit e p r e ci si o n  c o effi ci e nt s.

•  t r a n si e nt r e s p o n s e t o diff e r e nt sti m uli f o r i nfi nit e p r e ci si o n si g n al s a n d  

c o effi ci e nt s, i nfi nit e p r e ci si o n  si g n al s a n d fi nit e p r e ci si o n  c o effi ci e nt s, a n d  

fi nit e p r e ci si o n  si g n al s a n d c o effi ci e nt s.

•  t h e n oi s e  si g n al - i. e. t h e diff e r e n c e  b et w e e n  t h e fi nit e si g n al w o r dl e n gt h  

r e s p o n s e a n d  t h e i nfi nit e si g n al w o r dl e n gt h  r e s p o n s e t o t h e s a m e i n p ut si g n al  

- a n d  t h e si g n al t o n oi s e  r ati o i n d B.

DI F SI P  c a n si m ul at e m ulti pli e r s  a n d a n al o g  t o di git al  c o n v e rt e r s e m pl o yi n g  diff e r e nt  

t y p e s of r o u n di n g; i. e. r o u n di n g, m a g nit u d e  t r u n c ati o n, 2 ’s c o m pl e m e nt t r u n c ati o n. 

DI F SI P  c a n al s o si m ul at e a d d e r s e m pl o yi n g diff e r e nt  t y p e s of  o v e rfl o w  c o n st r ai nt s; i. e. 

s at u r ati o n, z e r oi n g , 2 ’s c o m pl e m e nt.

DI F SI P  c a n b e  u s e d  t o o bt ai n  t h e r e al (fi nit e si g n al w o r dl e n gt h)  a n d i d e al (i nfi nit e 

si g n al w o r dl e n gt h)  r e s p o n s e s of  a  di git al  filt e r t o diff e r e nt  sti m uli. T h e  t y p e s of  i n p ut si g n al  

a v ail a bl e a r e ; I M P U L S E, R A M P,  S T E P, SI N U S OI D, U NI F O R M L Y  DI S T RI B U T E D  

R A N D O M,  N O N- N E G A TI V E  U NI F O R M L Y  DI S T RI B U T E D  R A N D O M,  G A U S SI A N  
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DISTRIBUTED RANDOM. The non- deterministic si 

subroutines. The real or ideal signals at any node ir 

graphic display and a zoom facility is provided.

DIFSIP can be used to perform transient analysis

This is done using the auto-transient analysis option w 

types of input signal, range and increment of signal wor 

of signal amplitude. Transient analysis is then carried c 

results are written to an output file.

All nodes at which overflow occurs during a simulation 1

and the results file.

DIFSIP can be used to obtain the frequency response at any no 

way this is done is to first obtain the impulse response and then perform 

a NAG subroutine. This method of obtaining the frequency response is l  

analysis in the frequency domain because the latter involves dealing with mai.

It has been pointed out in section 2.2 that a useful measure of coefficient sensii. 

could be obtained in terms of variations in the tolerance scheme parameters. To this end, 

a subroutine has been designed for DIFSIP (see appendix Al - subroutine FRSPAN) 

which extracts the following information from an amplitude response characteristic :

(i) the maximum gain

(ii) the passband ripple (if a ripple is present) and the highest frequencies at 

which the amplitude response attains values of -0.1 dB, -0.5 dB, -1.0 dB 

(relative to maximum gain). This information is useful when no ripple is 

present in the passband.

(iii) the passband edge

(iv) the highest frequencies at which the amplitude response attains values of 

-20 dB, -40 dB, -60 dB, -80 dB, -100 dB (relative to maximum gain). This 

information allows us to gain an insight into the transition band and stopband 

behaviour of a filter.
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( v) t h e m a xi m u m  p e a k  i n t h e a m plit u d e  r e s p o n s e aft e r  t h e p a s s b a n d  e d g e.

T h e  a b o v e c a n b e  c a r ri e d o ut  a ut o m ati c all y f o r a r a n g e of  c o effi ci e nt w o r dl e n gt h s  b y  

u si n g  t h e a ut o-f r e q u e n c y a n al y si s o pti o n  i n DI F SI P.

2. 4. 2  SI M U L A TI O N  E X A M P L E

I n o r d e r  t o ill u st r at e s o m e of  t h e f e at u r e s of  DI F SI P,  t h e si m ul ati o n of  a s e v e nt h  

o r d e r  c a s c a d e d u nit  el e m e nt s W D F  ( s e e fi g u r e 2. 4)  will  b e  t a k e n a s a n e x a m pl e.

T h e  n et w o r k  i s d e s c ri b e d  t o DI F SI P  i n t e r m s of  a n etli st  w h e r e b y  e a c h el e m e nt  i s 

s p e cifi e d i n t e r m s of  it s o ut p ut a n d i n p ut n o d e n u m b e r s. A  g r a p hi c di s pl a y of  t h e 

f r e q u e n c y r e s p o n s e a n d  t r a n si e nt r e s p o n s e m a y  b e  o bt ai n e d  at  a n y  n o d e  i n t h e n et w o r k.

T h e  f r e q u e n c y r e s p o n s e of  t h e filt e r wit h  a c o effi ci e nt w o r dl e n gt h  of  1 6  bit s  i s s h o w n  

i n fi g u r e 2. 5 a.  A  z o o m i nt o t h e p a s s b a n d  i s s h o w n i n fi g u r e 2. 5 b.

T h e  r e al r e s p o n s e t o a c o si n e i n p ut of  f r e q u e n c y 0. 0 1  r a di a n s p e r  s e c o n d ( s a m pli n g 

p e ri o d  = 1 s e c o n d) a n d a n a m plit u d e of  0. 1  v olt s i s s h o w n i n fi g u r e 2. 5 c.  T h e  si g n al  

w o r dl e n gt h  i n t hi s c a s e w a s  1 6  bit s  a n d  t h e t y p e of  a p p r o xi m ati o n  e m pl o y e d  b y  t h e a n al o g  

t o di git al  c o n v e rt e r a n d  t h e m ulti pli e r s  w a s  r o u n di n g. T h e  c o r r e s p o n di n g n oi s e  si g n al i s 

s h o w n i n fi g u r e 2. 5 d.

T h e  v a ri ati o n  i n t h e t ol e r a n c e s c h e m e of  t h e a m plit u d e  r e s p o n s e of  t h e filt e r c a n b e  

st u di e d wit h  t h e ai d of  t h e a ut o-f r e q u e n c y a n al y si s o pti o n  i n DI F SI P.  T hi s  w a s  d o n e  o n  

t h e filt e r e x a m pl e f o r t h e r a n g e of  c o effi ci e nt w o r dl e n gt h  f r o m 8 t o 2 0  bit s  a n d  s o m e of  

t h e r e s ult s a r e  ill u st r at e d g r a p hi c all y  i n fi g u r e s 2. 6  a,  b  a n d  c. ( N ot e t h at 2 1  o n  t h e x- a xi s  

r e p r e s e nt s i nfi nit e p r e ci si o n  c o effi ci e nt s). Fi g u r e 2. 6 a  s h o w s t h e v a ri ati o n i n p a s s b a n d  

wi dt h,  fi g u r e 2. 6 b s h o w s t h e v a ri ati o n i n p a s s b a n d  ri p pl e a n d fi g u r e 2. 6 c  s h o w s t h e 

v a ri ati o n  i n st o p b a n d p a r a m et e r s;  all a s a f u n cti o n of  c o effi ci e nt w o r dl e n gt h.  N ot e  t h at 

t h e s e t h r e e g r a p h s gi v e a g o o d pi ct u r e of t h e v a ri ati o n i n a m plit u d e r e s p o n s e wit h  

c o effi ci e nt w o r dl e n gt h.  H o w e v e r, ot h e r p a r a m et e r s a r e a v ail a bl e a s a r e s ult of  

a ut o-f r e q u e n c y a n al y si s ( r e si di n g i n t h e F R N- O U T  fil e) a n d m a y  b e  u s e d  if f u rt h e r 

i nf o r m ati o n i s r e q ui r e d r e g a r di n g v a ri ati o n i n a m plit u d e r e s p o n s e.
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The range of analysis that may be performed with the auto-transient analysis option 

has been discussed before. An example is shown in figure 2.6d which shows the variation 

in signal to noise ratio with signal wordlength for two different amplitudes. The input 

signal in this case was the cosine discussed before.
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2. 5  C O M P A RI S O N  O F  S T R U C T U R E S  B A S E D  O N  E X P E RI M E N T A L  

R E S U L T S

I n t hi s s e cti o n, t h e fi nit e w o r dl e n gt h  p r o p e rti e s  of  t h e st r u ct u r e s di s c u s s e d  i n c h a pt e r  

1 will  b e st u di e d t h r o u g h e x p e ri m e nt s b a s e d o n si m ul ati o n s wit h  DI F SI P.  T h e  r e s ult s  

o bt ai n e d  will  b e  u s e d  a s a b a si s  f o r a c o m p a ri s o n of  t h e st r u ct u r e s.

T h e  m et h o d  u s e d  w a s  a s f oll o w s: f o r di r e ct  f o r m, c a s c a d e d s e c o n d o r d e r  s e cti o n s, 

p a r all el s e c o n d o r d e r s e cti o n s, l atti c e W D F s,  L C-l a d d e r W D F s  a n d G r a y- M a r k el  

n o r m ali z e d  st r u ct u r e s, filt e r s s ati sf yi n g  t h e f oll o wi n g t ol e r a n c e s c h e m e s w e r e  d e si g n e d  :

p ass b a n d  ri p pl e =  0. 5  d B

t r a nsiti o n wi dt h  =  0. 0 5  ( n o r m ali z e d)

st o p b a n d g ai n =  - 6 0 d B

p ass b a n d  e d g es = 0. 0 5, 0. 1, 0. 1 5, 0. 2, 0. 2 5, 0. 3, 0. 3 5,  0. 4  a n d  p ass b a n d  

e d g e =  0. 4 5 wit h  st o p b a n d e d g e =  0. 4 9.

F o r  t h e g e n e r ali z e d  W D F,  filt e r s s ati sf yi n g all  t h e a b o v e  t ol e r a n c e s c h e m e s e x c e pt  t h e 

l a st o n e w e r e  d e si g n e d a n d f o r t h e c a s c a d e d u nit el e m e nt s W D F,  o nl y filt e r s u p  t o 

p a s s b a n d  e d g e 0. 3  ( r e m ai n d e r of  t ol e r a n c e s c h e m e p a r a m et e r s  a s a b o v e) w e r e  p o s si bl e.

2. 5. 1  C O E F FI CI E N T  S E N SI TI VI T Y  M E A S U R E M E N T S

A n  e xt e n d e d  v e r si o n  of  DI F SI P  w a s  u s e d  t o o bt ai n  c o effi ci e nt  s e n siti vit y m e a s u r e s  f o r 

t h e all t h e filt e r s . F o r  a gi v e n filt e r, t hi s p r o g r a m  fi r st e v al u at e s t h e i d e al t ol e r a n c e 

s c h e m e p a r a m et e r s i. e. it e v al u at e s t h e a m plit u d e r e s p o n s e of t h e filt e r f o r i nfi nit e 

p r e ci si o n  c o effi ci e nt s  a n d  f r o m t hi s e xt r a ct s  t h e p a s s b a n d  ri p pl e, p a s s b a n d  e d g e,  st o p b a n d  

e d g e, a n d  m a xi m u m  st o p b a n d g ai n. It t h e n ’r el a x e s ’ t h e t ol e r a n c e s c h e m e b y  a c e rt ai n 

p e r c e nt a g e  a n d  t h e n c o m p ut e s t h e c o effi ci e nt w o r dl e n gt h  r e q ui r e d t o s ati sf y t h e m o difi e d  

t ol e r a n c e s c h e m e.

T h e  a b o v e p r o g r a m  w a s  u s e d  t o o bt ai n  t h e c o effi ci e nt w o r dl e n gt h s  r e q ui r e d f o r 5  

p e r c e nt  a n d 2 0  p e r c e nt  v a ri ati o n  i n t ol e r a n c e s c h e m e p a r a m et e r s  f o r e a c h  filt e r a n d  t h e 
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results are shown in figures 2.7 and 2.8. Note that in figures 2.7 and 2.8, the number 17 

on the y-axis represents any number greater than 16. Also note that the Gray-Markel 

normalized filter with the passband width of 0.05 has a design error which has resulted in 

a passband ripple of 1.5 dB. It will therefore be ignored in the following discussion.

The following observations are made from figure 2.7 :

• The direct form structure gives the worst overall performance. The cascaded 

second order sections is better than the direct form and in general, the 

parallel second order sections exhibit a lower sensitivity than the cascaded 

second order sections.

• The LC-ladder WDF exhibits the lowest sensitivity of all the structures and, 

in general, all the WDFs are superior to the direct form, parallel and 

cascaded second order sections as well as the Gray-Markel normalized 

structure. In general, the lattice WDF exhibits the highest sensitivity of the 

WDFs.

• The Gray-Markel normalized structure is superior to the direct form, 

cascaded and parallel second order sections.

• For all structures, the highest sensitivity is exhibited by the narrowest 

bandwidth filters.

The results of figure 2.7 can be summarized by noting the spread (i.e. the lowest and 

highest values) of the coefficient wordlength requirements and the mean values as shown 

in table 2.1. The direct form is ignored in table 2.1 because its coefficient wordlength 

requirement is nearly always greater than 16.

Note from table 2.1 that the difference in mean values between the least and most 

sensitive structure is 5 bits and that the cascaded and parallel second order sections 

require at least 3 more bits than the rest.
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T h e  r e s ult s i n fi g u r e 2. 8  f o r a 2 0  p e r c e nt  v a ri ati o n  i n t ol e r a n c e s c h e m e p a r a m et e r s  

f oll o w t h e s a m e g e n e r al  p att e r n  di s c u s s e d  e a rli e r wit h  r e s p e ct t o fi g u r e 2. 7  e x c e pt  t h at 

l o w e r v al u e s of c o effi ci e nt w o r dl e n gt h  a r e r e q ui r e d a s e x p e ct e d. T h e r e s ult s a r e  

s u m m a ri z e d i n t h e s a m e w a y  a s b ef o r e  a n d s h o w n i n t a bl e 2. 2.  N ot e  t h at i n c o m p a ri s o n  

wit h  t a bl e 2. 1,  all  v al u e s a r e r e d u c e d b y  2  bit s  e x c e pt  t h e p a r all el  s e c o n d o r d e r  s e cti o n s  

a n d  l atti c e W D F  w hi c h  a r e r e d u c e d b y  3  bit s.

2. 5. 2  SI G N A L  T O  N OI S E  R A TI O  M E A S U R E M E N T S

A n  e xt e n d e d  v e r si o n  of  DI F SI P  w a s  u s e d  t o p e rf o r m  t h e f oll o wi n g o p e r ati o n s  o n  e a c h  

filt e r:

(i) s et si g n al w o r dl e n gt h  t o 1 6 f o r si m ul ati o n r u n.

(ii) e v al u at e  c o effi ci e nt w o r dl e n gt h  r e q ui r e d f o r 5  p e r c e nt  v a ri ati o n  i n t ol e r a n c e 

s c h e m e a n d s et c o effi ci e nt w o r dl e n gt h  t o t hi s v al u e f o r si m ul ati o n r u n.

(iii) s el e ct t y p e of  r o u n d off t o b e  r o u n di n g.

(i v) s el e ct t y p e of  i n p ut si g n al a s  c o si n e wit h  a  f r e q u e n c y t h at i s h alf  t h e p a s s b a n d  

e d g e f r e q u e n c y.

( v) e v al u at e t h e m a xi m u m  a m plit u d e of  t h e i n p ut si g n al t h at d o e s n ot  c a u s e  

o v e rfl o w  at  a n y  n o d e  i n t h e n et w o r k  o v e r  1 0 0 0  s a m pli n g i n st a nt s (t hi s i s t h e 

l e n gt h of  a  si m ul ati o n r u n). S et  t h e i n p ut si g n al a m plit u d e  t o t hi s v al u e  f o r t h e 

si m ul ati o n r u n.

( vi) e v al u at e t h e si g n al t o n oi s e  r ati o a n d  w rit e  t o o ut p ut  fil e.

( vii) r e p e at (i v) t o ( vi) wit h  t h e t y p e of  r o u n d off i n (ii) s el e ct e d t o b e  m a g nit u d e  

t r u n c ati o n a n d 2 s  c o m pl e m e nt t r u n c ati o n.

( viii) r e p e at t h e w h ol e  p r o c e s s  wit h  t h e i n p ut si g n al i n (i v) s el e ct e d t o b e  u nif o r ml y  

di st ri b ut e d  r a n d o m a n d g a u s si a n di st ri b ut e d  r a n d o m.

T h e  r e s ult s a r e  s h o w n g r a p hi c all y  f o r e a c h  t y p e of  i n p ut si g n al. F o r  e a c h  st r u ct u r e, t h e 

si g n al t o n oi s e  r ati o i s s h o w n a g ai n st t h e p a s s b a n d  wi dt h  of  e a c h filt e r f o r t h e t h r e e 
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different types of roundoff - figures 2.9, 2.10 for cosine and figures 2.15, 2.16 for 

gaussian distributed random inputs. For each type of roundoff, the signal to noise ratio is 

shown against the passband width for all the structures - figures 2.11, 2.12, 2.13 for 

cosine and figures 2.17, 2.18, 2.19 for gaussian distributed random inputs. Note that 

signal to noise ratio values below 20 dB are not shown in the graphs.

The maximum amplitude that does not cause overflow is shown against the passband 

width of each filter for all the structures. Since the results obtained showed that the 

maximum amplitude without overflow for each type of roundoff was the same for a 

particular input signal, only one graph is shown for each input signal - figure 2.14 for 

cosine and figure 2.20 for gaussian distributed random inputs.Note that the amplitude is 

plotted on a log scale.

The RMS value of the noise signal is shown against the passband for each filter for all 

the structures. This is only shown for the gaussian distributed random input signal - 

figures 2.21, 2.22, 2.23.

The results for the uniformly distributed random input are included in the appendix 

A2 and not shown here for reasons which will be discussed later.

It can be seen from figures 2.9 and 2.10 that for all the structures except the direct 

form, rounding is superior to magnitude truncation and magnitude truncation is superior 

to 2s complement truncation. In the direct form, the difference between the three types 

of roundoff is insignificant in most cases. The difference in signal to noise ratios between 

the three types of roundoff varies from structure to structure and from filter to filter. All 

the structures give the worst signal to noise ratio for the narrowest bandwidth filter 

(passband width = 0.05). For most of the structures, the signal to noise ratio increases as 

the bandwidth increases except for lattice WDFs, parallel second order sections and the 

direct form for which there is some deterioration for higher bandwidths. It can be seen 

from figures 2.15 and 2.16 that a similar pattern results for the gaussian distributed 

random input.

It can be seen from figures 2.11 to 2.13 that for the cosine input, the direct form 

gives the worst overall performance for all types of roundoff followed by the cascaded
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second order sections. The Gray-Markel normalized structure gives the best performance 

for rounding and the cascaded unit elements WDF gives the best overall performance for 

truncation although it is bettered by the Gray-Markel normalized structure at lower 

bandwidths for 2s complement truncation. Of the WDFs, the generalized WDF gives the 

worst performance and the cascaded unit elements WDF gives the best performance for 

all types of roundoff.

For the gaussian distributed random input (see figures 2.17 to 2.19), the observations 

with regard to the direct form and cascaded second order sections are the same as before. 

The Gray-Markel normalized structure is the best overall for all types of roundoff 

followed by the cascaded unit elements WDF which gives the best performance of the 

WDFs. The worst WDF for rounding is the generalized WDF and for truncation it is the 

lattice WDF.

Note from figure 2.14 that for the cosine input, the direct form and the cascaded 

second order sections allow the lowest amplitude for the input signal and the 

Gray-Markel normalized structure allows the highest amplitude. Of the WDFs, the 

LC-ladder allows the highest amplitude and the lattice WDF allows the lowest amplitude. 

This pattern is also observed from figure 2.20 for the gaussian distributed random inputs 

except that of the WDFs, the generalized WDF allows the highest amplitude.

All the results obtained from the signal to noise ratio measurements are summarized 

in the following manner; for each structure and each type of roundoff, the highest, lowest 

and mean values of signal to noise ratio are presented in tabular form - table 2.3 for 

cosine input, table 2.4 for gaussian distributed random input and table 2.5 for uniformly 

distributed random input.

From tables 2.3, 2.4, 2.5 it can be seen that the signal to noise ratios corresponding 

to cosine inputs are higher than those corresponding to the gaussian and uniformly 

distributed random inputs. The signal to noise ratios corresponding to the two random 

inputs are similar. The RMS noise values for the three input input signals are given in 

appendix A3. Note that the values for the two random signals are similar and that there is 

broad similarity between these and the values corresponding to the cosine input. Since the 

signal to noise ratios are similar for the random signals, it follows that the RMS values of 
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the output signals will be the same. We may conclude from this that the overflow level for 

random inputs is dependent on the RMS value of the output signal.

It has been shown that in practice the filters exhibit similar behaviour for gaussian 

distributed random and uniformly distributed random inputs. Therefore, we only need to 

consider one of these signals. The gaussian distributed random input will be considered 

from hereon. From table 2.4 it can be seen that for all types of roundoff, the 

Gray-Markel normalized structure exhibits the highest signal to noise ratio followed by 

the cascaded unit elements WDF, and that the worst performances are given by the direct 

form followed by the cascaded second order sections. For rounding the remaining order 

is; LC-ladder WDF, lattice WDF, parallel second order sections, generalized WDF, and 

for magnitude truncation it is; lattice WDF, parallel second order sections, generalized 

WDF, LC- ladder, and for 2s complement truncation it is; generalized WDF, LC-ladder, 

parallel second order sections , lattice WDF.

For all the filters, the relationship between input signal amplitude, number of signal 

bits and the signal to noise ratio were examined using DIFSIP and the results obtained 

generally followed the pattern shown in figure 2.6b, i.e. in general, the signal to noise 

ratio increased by 6dB for a single bit increase in signal wordlength. It was also noted that 

a decrease of amplitude by a factor of 10 caused a fall in the signal to noise ratio of 

approximately 20dB. Furthermore, it was noted that an increase in the signal wordlength 

did not affect the minimum input signal amplitude that causes overflow.

From the previous discussion, it may be concluded that for random inputs, the 

quantization noise generated in the filters under consideration is independent of the type 

and amplitude of the input signal. The quantization noise is dependent on the type of 

roundoff and on the signal wordlength on which it has a dependence of 6 dB per signal 

bit.

It is clear that the best structure in terms of signal to noise ratio is the Gray-Markel 

normalized structure. It has also been shown that the dependence of signal to noise ratio 

upon signal wordlength is 6 dB per signal bit. We may therefore express the difference 

between the signal to noise ratios for the Gray-Markel normalized structure and those for 

the remaining structures (see table 2.4) in terms of signal bit equivalents. This has been 
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done for all the values in table 2.4 and the results are given in table 2.6. This table shows 

the number of additional signal bits that each structure would require in order to achieve 

a similar signal to noise ratio to the Gray-Markel normalized structure. The important 

point to note is that a performance equivalent to that of the Gray-Markel normalized 

structure can be obtained with the other structures by increasing the signal wordlength.
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2.6 COMPARISON OF STRUCTURES BASED ON STABILITY ASPECTS

In this section, the stability aspects of the structures will be considered and 

comparisons will be drawn.

Digital filters may exhibit limit cycles under certain conditions. In applications where 

limit cycles are acceptable, it is necessary to be able to determine the maximum possible 

amplitude of the limit cycles during the design stage. Several papers on methods of 

determining amplitude bounds for direct, cascaded second order sections and parallel 

second order sections are available including [47,48,53-55]. It is generally accepted 

however, that these bounds are too pessimistic to be of much practical use.

One of the most important advantages of the WDFs based on the techniques of 

Fettweis [45] is that requirements for completely avoiding limit cycles have been given. Of 

the structures under consideration, the cascaded unit elements WDF, lattice WDF and 

the LC-ladder WDF fall into this category. Obviously, in applications where limit cycles 

are not acceptable, these WDFs with appropriate modifications as defined by Fettweis 

[45] can be used.

In all digital filters, overflow oscillations may be avoided by employing overflow 

constraints with a saturation characteristic.

It was mentioned in a previous section that forced-response stability is an important 

consideration in practice. While for direct, cascaded second order sections and parallel 

second order sections, it is not known how to ensure forced-response stability, the 

problem is completely solved for the WDFs of Fettweis [45].

Stability aspects of the Gray-Markel normalized structure and the generalized WDF 

have not been reported in the literature. However, it is worth pointing out that the 

Gray-Markel normalized structure is derived from the direct form whereas the WDFs are 

based on passive analog filters. It is known that this is an important factor since the 

passivity properties may be preserved provided certain restrictions are observed [45]. 

Therefore, it is unlikely that the Gray-Markel structure will possess better stability 

properties than the WDFs.
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In summary, it is noted that the cascaded unit elements WDF, lattice WDF and 

LC-ladder WDFs possess better stability properties than the direct, cascaded second 

order sections and the parallel second order sections.
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2.7 DISCUSSION AND CONCLUSIONS

The aim in this chapter was to draw a comparison of the structures under 

consideration on the basis of finite wordlength properties. To this end, a range of filters 

were designed for each structure and coefficient wordlength sensitivity and quantization 

noise measurements were made.

The results obtained show that the performance of a particular structure relative to 

another is not always the same under different conditions (i.e. different passband widths, 

type of roundoff etc). This leads us to the conclusion that the optimal choice of structure 

is dependent on the given specification. However, when viewed as a whole, it is clear from 

the results that some structures are superior to others. It has been shown that quantitative 

summaries of the results support the observations that have been made regarding the 

relative performance of the structures.

In terms of coefficient sensitivity, it has been shown that the order of the structures 

from least sensitive to most sensitive is as follows; LC-ladder WDF, cascaded unit 

elements WDF, generalized WDF, lattice WDF, Gray-Markel normalized structure, 

parallel second order sections, cascaded second order sections,direct form.

The results obtained for quantization noise for cosine, uniformly distributed random 

and gaussian distributed random inputs show that quantization noise is independent of the 

input signal type and amplitude. The quantization noise is dependent on the type of 

roundoff employed and it has been shown that rounding is superior to magnitude 

truncation and magnitude truncation is superior to 2s complement truncation. The signal 

to noise ratios for the two random inputs were shown to be similar but lower than those 

for the cosine input. It has also been shown that the signal to noise ratio has a 

dependence of 6 dB per bit on the signal wordlength. In conclusion, it is noted that the 

observations regarding quantization noise are in agreement with those of Jackson [43].

It has been shown that the maximum amplitude of the input signal that does not cause 

overflow is independent of the type of roundoff and signal wordlength for all the filters. In 

the case of random signals, it has been shown that the RMS value of the input signal 

determines overflow. It is important to note that the various filters possess different 
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overflow levels and it is the overflow level which limits the maximum signal to noise ratio 

that is possible for the given set of conditions. In conclusion, it is noted that structures 

which generate a low level of quantization noise will not necessarily give the best signal to 

noise ratio.

In terms of signal to noise ratios, it has been shown that the order of structures from 

best to worst for the three types of roundoff is :

• ROUNDING: Gray-Markel normalized, cascaded unit elements WDF, 

LC-ladder WDF, lattice WDF, parallel second order sections, generalized 

WDF, cascaded second order sections, direct form.

• MAGNITUDE TRUNCATION: Gray-Markel normalized, cascaded unit 

elements WDF, lattice WDF, parallel second order sections, generalized 

WDF, LC-ladder WDF, cascaded second order sections, direct form.

• 2’s COMPLEMENT TRUNCATION: Gray-Markel normalized, cascaded 

unit elements WDF, generalized WDF, LC-ladder WDF, parallel second 

order sections, lattice WDF, cascaded second order sections, direct form.

The stability aspects of the various structures have been examined on the basis of a 

literature survey and it is noted in conclusion that of the structures under consideration, 

the LC-ladder WDF, lattice WDF and the cascaded unit elements WDF are the best 

structures from this point of view.

In most practical applications, stability will be a requirement and since overflow is 

likely to occur in a practical digital filter, forced-response stability will also be required. 

The conditions to ensure stability for the cascaded unit elements WDF, LC-ladder WDF, 

and the lattice WDF are known due to Fettweis [45]. This is a major factor which favours 

the above WDFs in practical applications.

Finally, note that the structures which require the lowest signal and coefficient 

wordlengths will not necessarily give the most efficient hardware implementations since 
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this is also dependent on the hardware complexity of the structure. This aspect is 

explored in chapter 3.
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S T R U C T U R E S P R E A D

( N o. O F  BI T S )

M E A N

( N o. O F  BI T S )

C A S C A D E D  S E C O N D

O R D E R  S E C TI O N S

1 3 - 1 7 1 5

P A R A L L E L  S E C O N D

O R D E R  S E C TI O N S

1 3 - 1 7 1 5

G R A Y- M A R K E L

N O R M A LI Z E D  L A D D E R

1 1 - 1 3 1 2

C A S C A D E D  U NI T

E L E M E N T S  W D F

9- 1 3 1 1

L A T TI C E W D F 1 0  - 1 4 1 2

L C  L A D D E R  W D F 7- 1 1 1 0

G E N E R A LI Z E D  W D F 9- 1 3 1 1

T A B L E  2. 1  : S U M M A R Y  O F  C O E F FI CI E N T  W O R D L E N G T H  R E Q UI R E M E N T S  F O R

5  P E R C E N T  V A RI A TI O N  I N T O L E R A N C E  S C H E M E  P A R A M E T E R S
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S T R U C T U R E S P R E A D

( N o. O F  BI T S )

M E A N

( N o. O F  BI T S )

C A S C A D E D  S E C O N D

O R D E R  S E C TI O N S

1 0  - 1 7 1 3

P A R A L L E L  S E C O N D

O R D E R  S E C TI O N S

1 0  - 1 4 1 2

G R A Y- M A R K E L

N O R M A LI Z E D  L A D D E R

9- 1 1 1 0

C A S C A D E D  U NI T

E L E M E N T S  W D F

8- 1 1 9

L A T TI C E W D F 8- 1 1 9

L C  L A D D E R  W D F 6- 1 1 8

G E N E R A LI Z E D  W D F 6- 1 2 9

T A B L E  2. 2  : S U M M A R Y  O F  C O E F FI CI E N T  W O R D L E N G T H  R E Q UI R E M E N T S  F O R

2 0  P E R C E N T  V A RI A TI O N  I N T O L E R A N C E  S C H E M E  P A R A M E T E R S
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R O U N D  : R O U N DI N G  M A G  : M A G NI T U D E  T R U N C A TI O N

2 ’s C O M P  : 2 ’s C O M P L E M E N T  T R U N C A TI O N

S T R U C T U R E T Y P E  O F

R O U N D O F F

L O W E R

( D B )

U P P E R

( D B )

M E A N

( D B )

DI R E C T  F O R M  II R O U N D 0. 5 1. 1 5 2 3. 6 8

M A G 0. 5 1. 4 3 2 2. 5 4

2 ’s C O M P 0. 4 9. 9 4 2 2. 5 1

C A S C A D E D  S E C O N D R O U N D 0. 8 3. 7 5 3 1. 1 2

O R D E R  S E C TI O N S M A G 0. 7 7. 1 0 2 5. 3 9

2 ’s C O M P 0. 7 1. 9 6 2 2. 6 8

P A R A L L E L  S E C O N D R O U N D 4 8. 9 6 7 9. 7 0 6 9. 0 4

O R D E R  S E C TI O N S M A G 4 5. 4 2 7 6. 7 2 6 4. 3 1

2 ’s C O M P 3 4. 1 9 6 8. 5 2 5 4. 7 4

G R A Y- M A R K E L R O U N D 7 5. 9 3 8 5. 8 4 7 9. 5 2

N O R M A LI Z E D  L A D D E R M A G 5 5. 2 5 7 5. 6 4 6 3. 7 4

2 ’s C O M P 5 1. 5 9 7 3. 2 0 5 9. 2 5

C A S C A D E D  U NI T R O U N D 6 5. 2 8 8 1. 1 0 7 4. 5 1

E L E M E N T S  W D F M A G 5 1. 0 1 7 5. 0 1 6 3. 8 0

2 ’s C O M P 4 5. 3 9 6 5. 5 2 5 6. 6 3

L A T TI C E  W D F R O U N D 6 2. 3 7 8 2. 4 8 7 5. 4 0

M A G 4 6. 6 7 7 8. 1 9 6 7. 3 6

2 ’s C O M P 3 6. 1 9 6 8. 7 6 5 7. 5 7

L C  L A D D E R  W D F R O U N D 6 3. 4 1 8 6. 4 3 7 6. 5 6

M A G 4 9. 2 7 7 5. 8 2 6 4. 6 2

2 ’s C O M P 3 9. 5 5 7 1. 0 3 5 6. 7 2

G E N E R A LI Z E D  W D F R O U N D 4 9. 3 0 7 7. 9 3 6 5. 9 2

M A G 4 1. 8 9 7 3. 8 7 6 0. 2 1

2 ’s C O M P 3 9. 0 8 6 9. 3 9 5 4. 6 7

T A B L E  2. 3  : S U M M A R Y  O F  SI G N A L  T O  N OI S E  R A TI O  V A L U E S  F O R  C O SI N E  I N P U T
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R O U N D  : R O U N DI N G  M A G  : M A G NI T U D E  T R U N C A TI O N

2 ’s C O M P  : 2 ’s C O M P L E M E N T  T R U N C A TI O N

S T R U C T U R E T Y P E  O F

R O U N D O F F

L O W E R

( D B )

U P P E R

( D B )

M E A N

( D B )

DI R E C T  F O R M  II R O U N D 0. 4 4. 5 7 1 8. 4 2

M A G 0. 4 3. 6 9 1 7. 3 2

2 ’s C O M P 0. 4 3. 8 0 1 8. 3 4

C A S C A D E D  S E C O N D R O U N D 0. 6 8. 0 0 2 4. 1 8

O R D E R  S E C TI O N S M A G 0. 6 3. 6 9 2 1. 2 0

2 ’s C O M P 0. 5 6. 0 3 1 7. 5 2

P A R A L L E L  S E C O N D R O U N D 4 3. 9 3 6 7. 0 3 5 7. 8 3

O R D E R  S E C TI O N S M A G 3 9. 0 2 6 0. 1 4 5 1. 7 1

2 ’s C O M P 2 8. 9 1 5 1. 0 5 4 3. 5 8

G R A Y- M A R K E L R O U N D 7 0. 1 1 7 8. 3 0 7 2. 8 1

N O R M A LI Z E D  L A D D E R M A G 5 0. 3 5 6 4. 3 7 5 5. 4 2

2 ’s C O M P 4 6. 4 5 6 6. 0 0 5 2. 4 9

C A S C A D E D  U NI T R O U N D 5 7. 5 3 7 4. 0 0 6 6. 5 7

E L E M E N T S  W D F M A G 4 1. 8 5 6 3. 1 2 5 2. 3 1

2 ’s C O M P 3 8. 5 6 5 8. 5 6 4 9. 2 3

L A T TI C E  W D F R O U N D 5 3. 3 4 6 1. 7 6 5 8. 5 3

M A G 4 2. 2 6 5 7. 0 4 5 1. 2 2

2 ’s C O M P 2 7. 5 2 4 6. 4 0 4 0. 8 1

L C  L A D D E R  W D F R O U N D 5 5. 5 4 7 1. 9 3 6 3. 1 0

M A G 3 9. 6 8 5 9. 6 6 4 8. 1 1

2 ’s C O M P 3 2. 1 7 5 6. 7 2 4 3. 5 9

G E N E R A LI Z E D  W D F R O U N D 4 4. 6 4 6 8. 4 5 5 7. 5 1

M A G 3 5. 3 7 6 6. 2 0 5 0. 2 8

2 ’s C O M P 3 2. 9 6 5 9. 8 5 4 5. 8 7

T A B L E  2. 4  : S U M M A R Y  O F  SI G N A L  T O  N OI S E  R A TI O  V A L U E S  F O R G A U S SI A N

DI S T RI B U T E D  R A N D O M  I N P U T
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R O U N D  : R O U N DI N G  M A G  : M A G NI T U D E  T R U N C A TI O N

2 ’s C O M P  : 2 ’s C O M P L E M E N T  T R U N C A TI O N

S T R U C T U R E T Y P E  O F

R O U N D O F F

L O W E R

( D B )

U P P E R

( D B )

M E A N

( D B )

DI R E C T  F O R M  II R O U N D 0. 4 3. 3 5 1 9. 2 4

M A G 0. 4 4. 2 2 1 7. 7 7

2 ’s C O M P 0. 4 3. 1 7 1 9. 5 3

C A S C A D E D  S E C O N D R O U N D 0. 6 6. 9 8 2 4. 9 4

O R D E R  S E C TI O N S M A G 0. 6 2. 7 7 2 1. 3 6

2 ’s C O M P 0. 5 5. 0 5 1 8. 1 0

P A R A L L E L  S E C O N D R O U N D 4 3. 1 9 6 6. 0 9 5 7. 4 9

O R D E R  S E C TI O N S M A G 3 9. 1 7 5 9. 2 2 5 1. 5 4

2 ’s C O M P 2 8. 4 7 5 0. 9 5 4 3. 2 2

G R A Y- M A R K E L R O U N D 6 9. 5 2 7 8. 5 5 7 2. 9 8

N O R M A LI Z E D  L A D D E R M A G 4 9. 8 6 6 4. 3 6 5 5. 7 4

2 ’s C O M P 4 6. 1 8 6 5. 9 6 5 2. 8 6

C A S C A D E D  U NI T R O U N D 5 7. 2 7 7 3. 6 0 6 7. 1 3

E L E M E N T S  W D F M A G 4 1. 1 1 6 3. 0 7 5 2. 2 7

2 ’s C O M P 3 7. 7 8 5 8. 6 1 4 9. 5 5

L A T TI C E  W D F R O U N D 5 3. 2 6 6 2. 9 3 5 8. 3 6

M A G 4 2. 2 3 5 7. 7 3 5 1. 2 1

2 ’s C O M P 2 6. 9 7 4 5. 7 2 4 0. 4 7

L C  L A D D E R  W D F R O U N D 5 4. 4 2 7 2. 1 5 6 3. 1 0

M A G 3 7. 8 5 6 0. 0 0 4 7. 8 4

2 ’s C O M P 3 0. 3 8 5 7. 3 3 4 3. 5 7

G E N E R A LI Z E D  W D F R O U N D 4 4. 5 8 6 8. 0 1 5 8. 1 9

M A G 3 4. 8 8 6 5. 7 4 5 0. 6 3

2 ’s C O M P 3 2. 0 4 5 9. 4 9 4 6. 3 1

T A B L E  2. 5  : S U M M A R Y  O F  SI G N A L  T O  N OI S E  R A TI O  V A L U E S  F O R  U NI F O R M L Y

DI S T RI B U T E D  R A N D O M  I N P U T
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R O U N D  : R O U N DI N G  M A G  : M A G NI T U D E  T R U N C A TI O N

2 ’s C O M P  : 2 ’s C O M P L E M E N T  T R U N C A TI O N

S T R U C T U R E T Y P E  O F

R O U N D O F F

L O W E R

( N o. O F

BI T S )

U P P E R

( N o. O F

BI T S )

M E A N

( N o. O F

BI T S )

DI R E C T  F O R M  II R O U N D - 6 9

M A G - 4 7

2 ’s C O M P - 4 6

C A S C A D E D  S E C O N D R O U N D - 2 8

O R D E R  S E C TI O N S M A G - 1 6

2 ’s C O M P - 2 6

P A R A L L E L  S E C O N D R O U N D 5 2 3

O R D E R  S E C TI O N S M A G 2 1 1

2 ’s C O M P 3 3 2

G R A Y- M A R K E L R O U N D 0 0 0

N O R M A LI Z E D  L A D D E R M A G 0 0 0

2 ’s C O M P 0 0 0

C A S C A D E D  U NI T R O U N D 3 1 1

E L E M E N T S  W D F M A G 2 1 1

2 ’s C O M P 2 2 1

L A T TI C E  W D F R O U N D 3 3 3

M A G 2 2 1

2 ’s C O M P 4 4 2

L C  L A D D E R  W D F R O U N D 3 2 2

M A G 2 1 2

2 ’s C O M P 3 2 2

G E N E R A LI Z E D  W D F R O U N D 5 2 3

M A G 3 1 1

2 ’s C O M P 3 2 2

T A B L E  2. 6  : DI F F E R E N C E  I N SI G N A L  T O  N OI S E  R A TI O S  B E T W E E N  G R A Y- M A R K E L

N O R M A LI Z E D  L A D D E R  A N D  T H E  R E S T  E X P R E S S E D  I N SI G N A L  BI T

E Q UI V A L E N T S
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NON-IDEAL MULTIPLIER 
—o—•

FIGURE 2.2 : REPLACEMENT OF NON-IDEAL MULTIPLIER WITH IDEAL

MULTIPLIER AND NOISE SOURCE
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INPUT <1 <2 <3 <8 OUTPUT

FIGURE 2.4 : SEVENTH ORDER CASCADED UNIT ELEMENTS WDF
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R E S U L T S  O F  M E A S U R E M E N T S  B Y  SI M U L A TI O N  O N  A  R A N G E  O F  FI L T E R S  
F O R  E A C H  T Y P E  O F  DI GI T A L  FI L T E R  S T R U C T U R E  U N D E R  
C O N SI D E R A TI O N

C O SI N E  I N P U T

Fi g u r e  2. 7  : c o effi ci e nt w o r dl e n gt h  r e q ui r e m e nts f o r fi v e p e r c e nt  v a ri ati o n  
i n t ol e r a n c e s c h e m e.

Fi g u r e  2. 8  : c o effi ci e nt w o r dl e n gt h  r e q ui r e m e nts f o r t w e nt y p e r c e nt  
v a ri ati o n i n t ol e r a n c e s c h e m e.

G A U S SI A N  DI S T RI B U T E D  R A N D O M  I N P U T

Fi g u r es  2. 9,  2. 1 0  : si g n al t o n ois e  r ati os f o r diff e r e nt  t y p es of  r o u n d off  f o r e a c h  
st r u ct u r e.

Fi g u r e  2. 1 1  : si g n al t o n ois e  r ati os f o r r o u n di n g f o r all  st r u ct u r es.

Fi g u r e  2. 1 2  : si g n al t o n ois e  r ati os f o r m a g nit u d e  t r u n c ati o n f o r all  
st r u ct u r es.

Fi g u r e  2. 1 3  : si g n al t o n ois e  r ati os  f o r 2 ’s c o m pl e m e nt t r u n c ati o n f o r all  
st r u ct u r es.

Fi g u r e  2. 1 4  : m a xi m u m  a m plit u d e  of  i n p ut si g n al t h at d o es  n ot  c a us e  
o v e rfl o w  - s h o w n f o r all  st r u ct u r es.

Fi g u r es  2. 1 5,  2. 1 6  : si g n al t o n ois e  r ati os  f o r diff e r e nt  t y p es of  r o u n d off  f o r e a c h  
st r u ct u r e.

Fi g u r e  2. 1 7  : si g n al t o n ois e  r ati os f o r r o u n di n g f o r all  st r u ct u r es.

Fi g u r e  2. 1 8: si g n al t o n ois e  r ati os f o r m a g nit u d e  t r u n c ati o n f o r all  
st r u ct u r es.

Fi g u r e  2. 1 9  : si g n al t o n ois e  r ati os f o r 2 ’s c o m pl e m e nt t r u n c ati o n f o r all  
st r u ct u r es.

Fi g u r e  2. 2 0  : m a xi m u m  a m plit u d e  of  i n p ut si g n al t h at d o es  n ot  c a us e  
o v e rfl o w  - s h o w n f o r all  st r u ct u r es.

Fi g u r e  2. 2 1 : R M S  of  n ois e  si g n al f o r g a ussi a n  i n p ut a n d  r o u n di n g - s h o w n 
f o r all  st r u ct u r es.

Fi g u r e  2. 2 2  : R M S  of  n ois e  si g n al f o r g a ussi a n  i n p ut a n d  m a g nit u d e  
t r u n c ati o n - s h o w n f o r all  st r u ct u r es.

Fi g u r e  2. 2 3  : R M S  of  n ois e  si g n al f o r g a ussi a n  i n p ut a n d  2 ’s c o m pl e m e nt  

t r u n c ati o n - s h o w n f o r all  st r u ct u r es.
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CHAPTER THREE

COMPARISON OF DIGITAL FILTER STRUCTURES FROM 
THE HARDWARE IMPLEMENTATION VIEWPOINT

3.1 INTRODUCTION

A digital filter is an interconnection of adders/subtractors, multipliers and delays. A 

digital filter may be represented mathematically by a signal flow diagram which can be 

implemented with the aid of a computer. The operation of addition/subtraction and 

multiplication can be performed by the arithmetic and logic unit, and the delay operation 

can be performed by reading/writing to memory. In this case, the implementation of the 

digital filter is a computer program and consequently this type of implementation is called 

software implementation.

Alternatively, the elements of a digital filter can be realized with hardware. The 

operations of addition/subtraction and multiplication can be performed by hardware 

adders, subtractors and multipliers, and the delay operation can be performed by shift 

registers. In this case, the digital filter is mapped directly onto hardware and consequently 

this type of implementation is called hardware implementation.

In applications in which the digital filter forms part of a real time signal processing 

system, software implementation of the digital filter may be obtained with the aid of 

general purpose microprocessors. This method is cheap but extremely slow because of the 

multiplication operations that are generally required in digital filters. Better speed 

performance can be obtained by employing special purpose microcomputers which have 

been specifically designed for signal processing applications. These are generally known as 

signal processors and examples of these are the Texas Instruments TMS32020, the 

Hitachi HD61810 [56], and the INMOS IMSA100 [57]. The main feature of these 

systems is that dedicated hardware is provided to carry out the multiplication operation.
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In applications in which the above techniques fail to satisfy sampling frequency 

requirements, it is necessary to employ hardware implementation techniques. Hardware 

implementation is more expensive but gives better speed performance than software 

implementation. Since our aim in this thesis is to design VLSI architectures for digital 

filters, we will concentrate on hardware implementation from hereon.

The aim in this chapter is to draw a comparison of the structures discussed in chapter 

1 from the hardware implementation viewpoint. In order to do this, it is first necessary to 

outline the features which are important from the hardware implementation viewpoint.

The number of elements required to implement a particular filter is an important 

consideration. The multiplier is the most complex element and therefore it is desirable 

that the filter possesses a minimal number of these. Ultimately, we are interested in 

determining the complexity of the hardware required to implement a particular filter. This 

aspect will be considered in detail in section 3.2 and a measure of hardware complexity 

will be introduced. A comparison of the structures under consideration based on 

hardware complexity will also be given.

If a particular digital filter network can be viewed as an interconnected of a simpler 

network, then the digital filter network is said to possess regularity. Regularity is a 

requirement for multiplexability which is a desirable feature since it may be used to 

reduce the amount of hardware required to meet a specification. Clearly, this is limited by 

sampling frequency requirements. Multiplexability aspects will be discussed in section 3.3 

and a comparison of the structures based on multiplexability aspects will be included.

The maximum sampling frequency of a particular filter will be dependent upon the 

degree of parallelism that is inherent in the network. The maximum sampling frequency is 

determined by the longest signal propagation time during one sampling period. This signal 

path is defined as the critical path and it is important to note that for some structures, it is 

dependent on the filter order. The above aspects of the various structures will be 

discussed in section 3.4.
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3.2 HARDWARE COMPLEXITY

The amount of hardware required to implement a digital filter will determine the cost 

of implementation. If discrete ICs are used, then the number of elements will determine 

component costs and power requirements. For such implementations, we may use the 

number of elements required as a measure of hardware complexity. However, it is 

important to note that the multiplier is the most complex component, and this fact must 

be borne in mind when drawing comparisons between various structures.

The element counts for the structures under consideration are shown in table 3.1. It 

can be seen that the Gray-Markel normalized ladder requires the largest number of 

multipliers. The lattice WDF requires the smallest number of multipliers and also smallest 

number of total elements. The cascaded unit elements WDF requires one more multiplier 

than the lattice WDF for a given order. However, it is known that the cascaded unit 

elements WDF requires a higher order than the rest of the structures under consideration 

in order to satisfy a given tolerance scheme. Also note that the LC ladder WDF requires 

almost twice the number of elements as the lattice WDF.

When considering VLSI implementation, it is more important to know the number of 

gates required for a particular digital filter than the number of elements. Although this 

method does not take interconnection complexity into account, it is sufficient for the 

purposes of comparison since the gate count is directly related to silicon area and power 

requirements.

We can therefore introduce a measure of hardware complexity in terms of 2-input 

gate equivalents. The method used here is to represent each adder with a ripple carry 

adder, each multiplier with a number of ripple carry adders, and each delay with a shift 

register comprising D-type edge triggered flip flops (see appendix Bl for details). The 

gate counts for the various structures under consideration are shown as a function of 

signal wordlength and coefficient wordlength in table 3.2. In order to gain an insight into 

the gate counts that may be required in practice, it is useful to consider an example.

The gate counts for a seventh order filter with a coefficient wordlength of 6 bits and a 

signal wordlength of 1 bit are shown in table 3.3. For a signal wordlength of M bits, these 
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values should be multiplied by M. Note from table 3.3 that the lattice WDF has the lowest 

gate count followed by the cascaded unit elements WDF. The Gray-Markel normalized 

ladder requires the largest number of gates and the LC ladder WDF requires almost twice 

the number of gates compared to the lattice WDF.

It is worth recalling at this stage that the structures with a low coefficient wordlength 

sensitivity will require less complex multipliers. Therefore, for a given specification, the 

gate counts will be different to the ones shown. However, for the purposes of a general 

comparison, the results shown in table 3.3 are adequate.

The order of the structures in terms of hardware complexity as illustrated in table 3.3 

will vary depending upon the implementation scheme employed. The definition of a 

complexity ratio, CR, between the gate requirements of the multiplier and the adder 

allows us to define conditions from table 3.1 under which changes will occur to the order 

shown in table 3.3 ;

(i) if CR>8, then the cascaded second order sections requires a larger number of 
gates than the LC ladder WDF (ignoring gate requirements for the delays).

(ii) if CR>4n-l (n is the filter order), then the parallel second order sections and 
„ e direct form II will require a larger number of gates than the LC ladder 
WDF (ignoring gate requirements for the delays).

(iii) if 1.5n<CR+l, then the cascaded unit elements WDF will require a larger 
number of gates than the IVR generalized WDF.

(iv) under all other values of n and CR>2, the order will be as shown in table 3.3.

It is important to note that in table 3.2 a linear dependence of hardware complexity 

on signal wordlength is assumed which may not necessarily be the case, e.g. in 

implementations employing carry lookahead adders. In such cases, table 3.2 would have 

to be modified. However, for a given signal wordlength, the complexity ratio between 

multipliers and adders may be determined and used in conjunction with table 3.3 and the 

previously defined conditions to obtain the order in terms of complexity.

In summary, note that the order of the structures in terms of hardware complexity is 

as shown in table 3.3 with the exception of the LC ladder WDF and the IVR generalized 

WDF which may take different positions in the order depending on the complexity ratio.
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3.3 MULTIPLEXABILITY ASPECTS

By multiplexability, we mean the ability to implement an nth order filter with time 

multiplexed versions of first or second order filters.

If a digital network can be viewed as interconnected instances of a sub-network, then 

the network is said to possess regularity. A digital filter structure must possess regularity in 

order to be multiplexable. However, regularity does not imply multiplexability since 

multiplexability is also dependent upon the sequence in which the arithmetic operations 

must be performed.

Multiplexability is important because it may be employed to reduce the amount of 

hardware required to implement a digital filter. In the simplest example of a first order 

filter multiplexed to realize an nth order filter, the maximum sampling frequency possible 

will be 1/n of the maximum sampling frequency possible with a direct implementation, i.e. 

multiplexability is useful provided sampling frequency requirements can be met.

From the VLSI viewpoint, multiplexability is important because we may then design 

standard macro cells which implement first or second order filters and use these either in 

the multiplexed form, or connect a number of these cells together to realize higher order 

filters. In the multiplexed form, the filter will obviously require a lower silicon area, and 

this is desirable especially when the filter is part of a larger system that is to be integrated.

The direct form II structure shown in figure 3.1a can be implemented by time 

multiplexing the sub-structure shown in the dotted area. The cascaded and parallel 

second order sections shown in figures 3.2 and 3.3 can be implemented by time 

multiplexing one second order section. The Gray-Markel normalized ladder structure can 

be implemented by multiplexing the first order section shown in the dotted area.

The cascaded unit elements WDF shown in figure 3.5 is not multiplexable, but by 

moving the delays in the upper arm to the lower arm, can be made multiplexable. In this 

case, the basic two port adaptor (shown in the dotted area) is multiplexed to implement 

the filter. The lattice WDF shown in figure 3.6 can be implemented by multiplexing the 
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sub-structure shown in the dotted area, but it can be seen that control aspects of the 

resultant hardware would be complex.

The LC ladder WDF can be implemented by multiplexing the three port adaptor as 

shown in figure 3.7. The IVR generalized WDF cannot be easily multiplexed.

In summary, we note that all the structures except the IVR generalized WDF can be 

multiplexed. It is also clear that some structures will result in more complex multiplexed 

schemes, most notably, the lattice WDF from the examples considered here.
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3.4 SPEED ASPECTS

The maximum sampling frequency that can be achieved is particularly important 

when choosing a filter structure. One reason is that when considering general purpose 

filters, it is clear that those with higher speed will have wider application. Furthermore, if 

the structure is multiplexable, then a reduction in hardware requirements can be achieved 

for a wider range of applications.

For a given filter, the maximum sampling frequency is determined by the longest 

signal path that must be traversed in one sampling period. This path will be referred to as 

the critical path from hereon.

The maximum sampling frequency is determined by the complexity of the critical 

path. By this we mean the number of adders/subtractors or multipliers through which a 

signal must propagate in one sampling period. It should be obvious that no delays are 

present in the critical path. Since the multipliers will result in higher time penalties, we are 

interested in structures with a minimal number of multipliers in the critical path.

The critical paths for the various structures are shown diagramatically in figures 3.1 to 

3.8 and in terms of number of adders/subtractors and multipliers in table 3.4. It can be 

seen that the Gray-Markel normalized ladder has the highest number of multipliers in the 

critical path and that the number is dependent on the filter order. The interesting point to 

note is that the cascaded unit elements WDF and the LC ladder WDF have a fixed 

number of multipliers in the critical path. This is also true for the direct form II and the 

parallel second order sections. Note also that, although the multipliers in the lattice WDF 

are dependent on the filter order, the number is lower than that for the Gray- Markel 

normalized ladder, IVR generalized WDF and cascaded second order sections.

For all the structures except the cascaded unit elements WDF and the LC ladder 

WDF, the number of adders in the critical path are dependent on the filter order.

If we assume the models for the multipliers as discussed in section 3.3, then we can 

introduce a measure of critical path complexity in terms of ’2 input adder equivalents’. 

On the basis of this, and for a coefficient wordlength of 6 bits, the complexities for the 
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structures under consideration are given in table 3.5. An example for seventh order filters 

is included and it can be seen from this that the Gray-Markel normalized ladder and the 

IVR generalized WDF will give the worst speed performance. The LC ladder WDF will 

give the best speed performance followed by the cascaded unit elements WDF.

In summary, we note that the order of the structures in terms of speed performance is 

as follows; LC ladder WDF, cascaded unit elements WDF, parallel second order sections, 

lattice WDF, direct form II, cascaded second order sections, IVR generalized WDF, 

Gray-Markel normalized ladder.
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3.5 DISCUSSION AND CONCLUSIONS

Our aim in this chapter has been to compare a number of structures and to identify 

those which are most suitable for hardware implementation. It has been shown that low 

hardware complexity, multiplexability and high speed are desirable attributes in a digital 

filter structure.

It is concluded that the Gray-Markel normalized ladder structure is the least suitable 

for hardware implementation since it has the highest hardware complexity and gives the 

worst speed performance. The IVR generalized WDF is not suitable for hardware 

implementation because it is not multiplexable and gives poor speed performance 

although it has a low hardware complexity.

The cascaded and parallel second order sections are equally complex in terms of 

hardware complexity but the parallel second order sections gives a better speed 

performance. In terms of multiplexability, it can be seen that the cascaded second order 

sections would require a less complex scheme. The direct form II is comparable with the 

cascaded and parallel second order sections in terms of hardware complexity, but is 

superior to the cascaded form and inferior to the parallel form in terms of speed 

performance. It is worth reiterating here that the direct form is generally not considered 

for implementation because of its poor sensitivity properties as discussed in chapter 2.

It has been shown that the cascaded unit elements WDF is the second best structure 

from the viewpoints of hardware complexity and speed performance. The lattice WDF is 

the best structure in terms of hardware complexity and gives a good speed performance. 

The LC ladder WDF gives the best speed performance although it is only better than the 

Gray- Markel normalized ladder in terms of hardware complexity.

The superiority of WDFs from the finite wordlength properties viewpoint has been 

demonstrated in chapter 2. In this chapter, it has been shown that the cascaded unit 

elements WDF and the lattice WDF are the most suitable structures for hardware 

implementation.
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T Y P E  O F

FI L T E R  S T R U C T U R E

N U M B E R  O F  T W O  I N P U T

N A N D  G A T E S

DI R E C T  F O R M  II 4 5. M. n  +  3 8. M. N. n  +  1 9. M. N

C A S C A D E D  S E C O N D

O R D E R  S E C TI O N S

4 5. M. n  +  ( 9 5 / 2). M. N. n

4 5. M. n  +  ( 9 5 / 2). M. N. n +  ( 1 9 / 2).M. N

( n E V E N)

( n O D D)

P A R A L L E L  S E C O N D

O R D E R  S E C TI O N S

4 5. M. n  +  3 8. M. N. n  + 1 9. M. N

G R A Y- M A R K E L

N O R M A LI Z E D  L A D D E R

6 4. M. n  +  7 6. M. N. n  + 1 9. M. N

C A S C A D E D  U NI T

E L E M E N T S  W D F

6 4. M. n  + 1 9 M  + 1 9. M. N. n  + 1 9. M. N

L A T TI C E  W D F 6 4. M. n  + 1 9 M  +  1 9. M. N. n

L C  L A D D E R  W D F 1 2 8. M. n  - 2 6. M  +  3 8. M. N. n

I V R G E N E R A LI Z E D

W D F

( 1 8 5 / 2).M. n  +  ( 5 7 / 2).M  +  1 9. M. N. n

( 1 8 5 / 2).M. n  +  1 9. M. N. n

( n O D D)

( n E V E N)

n  o r d e r  of  filt e r

M  si g n al wi dt h  i n n u m b e r  of  bit s

N n u m b e r  of  n o n- z e r o  c o effi ci e nt bit s

T A B L E  3. 2  : G A T E  C O U N T S  F O R  S T R U C T U R E S  U N D E R  C O N SI D E R A TI O N



T Y P E  O F

FI L T E R  S T R U C T U R E

N U M B E R  O F

T W O  I N P U T

N A N D  G A T E S

L A T TI C E  W D F 1 2 6 5

C A S C A D E D  U NI T  E L E M E N T S  W D F 1 3 7 9

I V R G E N E R A LI Z E D  W D F 1 4 7 4

DI R E C T  F O R M  II 2 0 2 5

P A R A L L E L  S E C O N D  O R D E R  S E C TI O N S 2 0 2 5

C A S C A D E D  S E C O N D  O R D E R  S E C TI O N S 2 0 8 2

L C  L A D D E R  W D F 2 4 6 6

G R A Y- M A R K E L  N O R M A LI Z E D  L A D D E R 3 7 5 4

filt e r o r d e r  =  7

c o effi ci e nt p r e ci si o n  =  6 bit s

si g n al p r e ci si o n  = 1 bit

T A B L E  3. 3  : G A T E  C O U N T S  F O R  S E V E N T H  O R D E R  FI L T E R
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C RI TI C A L  P A T H

T Y P E  O F

FI L T E R  S T R U C T U R E

O D D  o r

E V E N  O R D E R

N U M B E R  O F

T W O  I N P U T

A D D E R S /

S U B T R A C T O R S

N U M B E R  O F

M U L TI P LI E R S

DI R E C T  F O R M  II n  + 1 2

C A S C A D E D  S E C O N D O D D n  +  2 ( n +  3) / 2

O R D E R  S E C TI O N S E V E N n  + 1 ( n +  2) / 2

G R A Y- M A R K E L

N O R M A LI Z E D  L A D D E R

n  +  2 n  + 1

C A S C A D E D  U NI T

E L E M E N T S  W D F

4 2

L C  L A D D E R  W D F 7 1

I V R G E N E R A LI Z E D O D D ( 7 n +  7) / 2 ( n +  l) / 2

W D F E V E N ( 7 n +  4) / 2 n / 2

P A R A L L E L  S E C O N D

O R D E R  S E C TI O N S

n e xt  hi g h e r  i nt e g e r 

t o L O G 2( n  +  1)

2

L A T TI C E  W D F n = 3 3 1

n = 5 5 2

n = 7 5 2

n = 9 7 3

n =ll 7 3

n  =  filt e r o r d e r

T A B L E  3. 4  : C RI TI C A L  P A T H S  F O R  S T R U C T U R E S  U N D E R  C O N SI D E R A TI O N

- 9 6  -



C RI TI C A L  P A T H

T Y P E  O F

FI L T E R  S T R U C T U R E

O D D  o r

E V E N  O R D E R

N U M B E R  O F

T W O  I N P U T

A D D E R  

E Q UI V A L E N T S

S E V E N T H  O R D E R

E X A M P L E

DI R E C T  F O R M  II n  +  1 3 2 0

C A S C A D E D  S E C O N D O D D 4 n  + 1 1 3 9

O R D E R  S E C TI O N S E V E N 4 n  +  7 3 5

G R A Y- M A R K E L 7 n  +  8 5 7

N O R M A LI Z E D  L A D D E R

C A S C A D E D  U NI T

E L E M E N T S  W D F

1 6 1 6

L C  L A D D E R  W D F 1 3 1 3

I V R G E N E R A LI Z E D O D D ( 1 3 n + 1 3) / 2 5 2

W D F E V E N ( 1 3 n +  4) / 2

P A R A L L E L  S E C O N D { n e xt hi g h e r  i nt e g e r 1 5

O R D E R  S E C TI O N S L O G 2( n  + 1)}  + 1 2

L A T TI C E  W D F n = 3 9

n = 5 1 7

n = 7 1 7 1 7

n = 9 2 5

n =ll 2 5

n  =  filt e r o r d e r

T A B L E  3. 5  : C RI TI C A L  P A T H  C O M P L E XI TI E S  I N T E R M S  O F  T W O  -I N P U T A D D E R

E Q UI V A L E N T S  F O R  S T R U C T U R E S  U N D E R  C O N SI D E R A TI O N
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INPUT OUTPUT

FIGURE 3.1a : DIRECT FORM II
CRITICAL PATH
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FIGURE 3.3 : PARALLEL SECOND ORDER SECTIONS

- 100 -



- 101 -



FI
G

U
R

E 3
.5

 : C
AS

C
AD

ED
 UN

IT
 EL

EM
EN

TS
 WD

F

- 102 -



INPUT

OUTPUT

CRITICAL PATH

FIGURE 3.6 : LATTICE WDF BASED ON ALL-PASS SECTIONS
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CHAPTER FOUR

THE CASCADED UNIT ELEMENTS WAVE DIGITAL FILTER

4.1 INTRODUCTION

It has been shown in chapter 2 that the cascaded unit elements WDF possesses good 

finite wordlength properties. Furthermore, it has been shown in chapter 3 that this 

structure is suitable for hardware implementation.

The standard approach to WDF design involves the design of reference filters in the 

continuous time domain and application of transformation methods to derive digital 

filters. The theoretical aspects of cascaded unit elements WDFs is discussed in section 

4.2.

In finite wordlength design, optimization methods are generally employed to improve 

the digital filters obtained by the above approach or to design digital filters entirely in the 

discrete domain. In this chapter, a new method of designing finite wordlength cascaded 

unit elements WDFs is given. The novel feature of this method is that a heuristic 

approach is employed. This is discussed in section 4.3 and an example to demonstrate the 

workability of the concept is included.

The cascaded unit elements WDF is the simplest WDF from the hardware 

implementation viewpoint. For this reason, a number of architectures for this structure 

have been reported in the literature and a brief review of these is given in section 4.4. A 

new architecture is also described in section 4.4. The novel feature of this architecture is 

that pipelining of the two port adaptor is employed to improve speed performance. This 

architecture is not useful for direct implementations but it is noted that that due to the 

hardware complexity of digital filters, multiplexed schemes are of greater practical use.

A functional level simulation to show that the architecture performs as required is 

described in section 4.5 and results are given. VLSI implementation aspects of the 

architecture are discussed in section 4.6.
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4. 2  T H E O R E TI C A L  A S P E C T S

4. 2. 1  T H E  U NI T  E L E M E N T

T h e  i m p e d a n c e m at ri x  of  a t w o p o rt  n et w o r k  c o m p ri si n g a c o m m e n s u r at e l e n gt h

t r a n s mi s si o n li n e ( s e e fi g u r e 4. 1) i s gi v e n  b y  [ 2]:

VI

V 2

-j. Z o. c ot b

-j. Z o. c os e c Q

-j. Z o. c os e c Q

-j. Z o. c ot Q ,

’ll

1 2

( 4. 1)

w h e r e  Z o  is t h e c h a r a ct e risti c i m p e d a n c e of  t h e t r a ns missi o n li n e.

0  =  H. / / v  =  el e ct ri c al  l e n gt h

w h e r e  D  =  a n g ul a r  f r e q u e n c y i n r a di a ns p e r  s e c o n d

I =  l e n gt h of  s h o rt est c o m m e ns u r at e li n e

v =  v el o cit y of  p r o p a g ati o n

A p pli c ati o n  of  Ri c h a r d s ’ t r a n sf o r m ati o n [ 5 8] t o t h e a b o v e  i m p e d a n c e m at ri x  r e s ult s

i n t h e f oll o wi n g i m p e d a n c e m at ri x:

VI

V 2

/ z r ,
Z o / S  . 1 /i- s

J 7- s z 1 . i_
_
_
_

( 4- 2)

w h e r e  S  is t h e Ri c h a r ds  c o m pl e x f r e q u e n c y v a ri a bl e.

T h e  t w o p o rt  n et w o r k  el e m e nt  d e s c ri b e d  b y  t hi s i m p e d a n c e m at ri x  i n t h e S  pl a n e  i s 

d efi n e d  a s  t h e ’u nit  el e m e nt ’ a c c o r di n g  t o O z a ki  a n d  I s hii [ 5 9]. I n ot h e r  w o r d s,  t h e u nit  

el e m e nt i s t h e S pl a n e  e q ui v al e nt of  a t w o p o rt  n et w o r k  c o m p ri si n g a c o m m e n s u r at e  

l e n gt h t r a n s mi s si o n li n e.

4. 2. 2  DI S T RI B U T E D  S T E P P E D  I M P E D A N C E L O W  P A S S  FI L T E R S

It i s w ell  k n o w n  f r o m mi c r o w a v e  t h e o r y t h at filt e r s c a n b e  o bt ai n e d  b y  c a s c a di n g  

t r a n s mi s si o n li n e s of  c o m m e n s u r at e l e n gt h a n d diff e r e nt  c h a r a ct e ri sti c i m p e d a n c e s ( s e e 

fi g u r e 4. 2).
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L e v y  [ 6 0] h a s  s h o w n t h at it i s p o s si bl e  t o s el e ct t h e c h a r a ct e ri sti c i m p e d a n c e of  e a c h  

c o m m e n s u r at e li n e s e g m e nt i n t h e c a s c a d e s o a s t o p r o d u c e  t h e f oll o wi n g l o w p a s s

C h e b y s h e v  m a g nit u d e  f u n cti o n:

2 1
| G|

2 2
1 +  h . T n . (si n O /si n O c)

( 4. 3)

w h e r e  T n  d e n ot es t h e C h e b ys h e v  f u n cti o n of  t h e fi rst ki n d of  d e g r e e n, 0 is t h e 

el e ct ri c al l e n gt h as  d efi n e d  e a rli e r, a n d  Q c  is t h e c ut off  p a r a m et e r.

A  t y pi c al r e s p o n s e i s s h o w n  i n fi g u r e 4. 3  f r o m w hi c h  it c a n  b e  s e e n t h at t h e m a g nit u d e  

i s p e ri o di c  wit h  a p e ri o d  of  r r r a di a n s.

T a bl e s  of  c h a r a ct e ri sti c i m p e d a n c e v al u e s r e q ui r e d t o d e si g n  di st ri b ut e d  l o w p a s s  

filt e r s f o r a r a n g e of  b a n d wi dt h s, p a s s b a n d  ri p pl e s a n d st o p b a n d l o s s e s a r e gi v e n i n 

r ef e r e n c e [ 6 0].

4. 2. 3  C A S C A D E D  U NI T  E L E M E N T S  W A V E  DI GI T A L  FI L T E R S

Di git al  filt e r s c a n b e d e ri v e d f r o m di st ri b ut e d filt e r s b y u si n g t h e t e c h ni q u e s of  

F ett w ei s [ 4 5]. T h e  di git al  filt e r d e ri v e d  i n t hi s m a n n e r  f r o m c a s c a d e d t r a n s mi s si o n li n e 

filt e r s a r e  g e n e r all y  r ef e r r e d t o a s  c a s c a d e d u nit  el e m e nt s  W D F s  [ 4 5] a n d  t h e st r u ct u r e i s 

s h o w n i n fi g u r e 4. 4.  T h e  a b b r e vi ati o n U E W D F  will  b e  u s e d  t o d e n ot e  c a s c a d e d u nit  

el e m e nt s W D F  f r o m h e r e o n.

T h e  r el ati o n s hi p b et w e e n  t h e r e al f r e q u e n c y v a ri a bl e s  i n t h e c o nti n u o u s a n d  di s c r et e  

ti m e d o m ai n s  i s a s f oll o w s [ 6 1]:

e 1 1 2. U S. T ( 4. 4)

w h e r e  w  is t h e a n g ul a r  f r e q u e n c y i n t h e dis c r et e ti m e d o m ai n, 0 is t h e el e ct ri c al  

l e n gt h as  d efi n e d  e a rli e r, a n d  T  is t h e s a m pli n g p e ri o d.

T h e  p a r a m et e r s  r e q ui r e d t o d e si g n  di st ri b ut e d  C h e b y s h e v  l o w p a s s  filt e r s f r o m L e v y ’s 

t a bl e s a r e; t h e b a n d wi dt h ( B W), t h e ri p pl e v olt a g e st a n di n g w a v e  r ati o ( V S W R), t h e 
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o r d e r  n  a n d  t h e st o p b a n d l o s s. B W  a n d  V S W R  a r e  r el at e d t o t h e di git al  filt e r p a r a m et e r s  

a s f oll o w s [ 6 1]:

B W  =  4 F o / Fs  ( 4. 5 a)

• w h e r e F o  is t h e c ut off  f r e q u e n c y a n d  Fs  is t h e s a m pli n g f r e q u e n c y.

V S W R  = 2 e  - 1 + 2 / e *  ( 4. 5 b)

- r| =  1 0.l o gl 0( e)  =  p ass b a n d  ri p pl e i n d B

T o  d e si g n  a  l o w p a s s  di git al  filt e r wit h  L e v y ’s t a bl e s t h e n, w e  fi r st d et e r mi n e  t h e B W  

a n d  V S W R  a s s h o w n a b o v e a n d  t h e n c h o o s e t h e o r d e r  n  t o gi v e  t h e r e q ui r e d mi ni m u m  

st o p b a n d l o s s ( L mi n). A  f o r m ul a f o r e sti m ati n g  t h e v al u e of  n  i s a s f oll o w s [ 6 2]:

L mi n /l O
l o g ( 1 0 - 1) - l o g( e-l) +  l o g 4

n >   ________________________________________________ ( 4. 6)

2.  l o g ( 2.  si n Qi /si n Q c)

w h e r e  Qi  =  i r.fi /fs, fs is t h e s a m pli n g  f r e q u e n c y a n d  fi is t h e st o p b a n d e d g e  f r e q u e n c y.

T h e di git al filt e r c o effi ci e nt s ( s e e fi g u r e 4. 4) a r e t h e n d et e r mi n e d f r o m t h e 

c h a r a ct e ri sti c i m p e d a n c e s ( s e e fi g u r e 4. 2)  of  t h e di st ri b ut e d  filt e r a s f oll o w s [ 4 5]:

Z k- 1  - Z k
oi k =  ___________________ , Z O  =  Rs, Z n + 1  =  Rl ( 4. 7)

Z k- 1  +  Z k

Rs  is t h e s o u r c e r esist a n c e, Rl  is t h e l o a d r esist a n c e a n d  n  is t h e filt e r o r d e r.

N ot e  f r o m fi g u r e s 4. 2  a n d 4. 4  t h at t h e t r a n s mi s si o n li n e s e g m e nt s a r e t r a n sf o r m e d 

i nt o a p ai r  of  T / 2  s e c o n d d el a y s  a n d  t h e i nt e r c o n n e cti o n s a r e  t r a n sf o r m e d i nt o t w o p o rt  

a d a pt o r s [ 4 5].
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4. 3  A  D E SI G N  P R O G R A M  B A S E D  O N  A  H E U RI S TI C  A P P R O A C H

I n t hi s s e cti o n, a p r o g r a m  f o r t h e fi nit e w o r dl e n gt h  d e si g n  of  U E W D F s  i s d e s c ri b e d.  

T h e  n o v el  f e at u r e of  t h e p r o g r a m  i s t h at a h e u ri sti c  a p p r o a c h i s t a k e n w hi c h  s e e k s t o 

e x pl oit  a n u m b e r  of  o b s e r v ati o n s  t h at a r e m a d e  f r o m c o n v e nti o n al d e si g n s  u si n g  L e v y ’s 

t a bl e s a s d e s c ri b e d  i n s e cti o n 4. 2.

4. 3. 1  C O N V E N TI O N A L  A P P R O A C H E S  T O  FI NI T E  W O R D L E N G T H  D E SI G N

It h a s  b e e n  s h o w n i n s e cti o n 4. 2  t h at l o w p a s s  U E W D F s  c a n  b e  d e si g n e d  u si n g  L e v y ’s 

t a bl e s. F o r  i m pl e m e nt ati o n p u r p o s e s,  t h e m ulti pli e r  c o effi ci e nt s a k (fi g u r e 4. 4)  m u st  b e  

q u a nti z e d  a c c o r di n g  t o t h e n u m b e r  of  bit s  t h at a r e  a v ail a bl e.  T hi s  will  r e s ult i n a  d e vi ati o n  

i n t h e f r e q u e n c y r e s p o n s e a s di s c u s s e d  i n c h a pt e r 2.

F o r  a n y  di git al  filt e r, it i s p o s si bl e  t h at sli g htl y  diff e r e nt  q u a nti z e d  v al u e s  f o r m ulti pli e r  

c o effi ci e nt s  will  l e a d t o a  b ett e r  f r e q u e n c y r e s p o n s e. T hi s  f o r m s t h e b a si s  of  o n e  a p p r o a c h  

t o fi nit e w o r dl e n gt h  d e si g n  i n w hi c h  a n u m b e r  of  p r o c e s s e s  a r e  i n v ol v e d. Fi r st,  t h e i d e al 

m ulti pli e r  c o effi ci e nt s a r e o bt ai n e d  b y  u si n g  a n  a p p r o p ri at e  a n al yti c al  m et h o d.  N e xt,  t h e 

c o effi ci e nt s a r e  q u a nti z e d  a n d  t h e c o r r e s p o n di n g f r e q u e n c y r e s p o n s e i s o bt ai n e d.  T hi s  i s 

f oll o w e d b y  a p r o c e s s  w hi c h  v a ri e s e a c h c o effi ci e nt v al u e wit hi n  a n a r r o w  r a n g e of  it s 

i niti al v al u e  a n d d et e r mi n e s  t h e s et of  c o effi ci e nt s w hi c h  gi v e s t h e b e st  r e s p o n s e. T h e s e  

p r o c e s s e s  f o r m t h e al g o rit h m  f o r t h e fi nit e w o r dl e n gt h  d e si g n  p r o g r a m.

T h e  a v ail a bilit y of  a fi nit e n u m b e r  of  bit s  t o r e p r e s e nt m ulti pli e r  c o effi ci e nt s m e a n s  

t h at t h e r e i s a  fi nit e s et of  v al u e s  t h at t h e c o effi ci e nt s  c a n  t a k e. T h e r ef o r e,  it i s p o s si bl e  t o 

d e si g n  a filt e r e nti r el y  i n t h e di s c r et e  ti m e d o m ai n  b y  e x a mi ni n g  all  p o s si bl e  c o m bi n ati o n s  

a n d  d et e r mi ni n g  o n e  t h at s ati sfi e s t h e f r e q u e n c y r e s p o n s e r e q ui r e m e nt s. T h e  n u m b e r  of  

p o s si bl e  c o m bi n ati o n s i s d e p e n d e nt  o n  t h e n u m b e r  of  bit s  a n d  t h e o r d e r  of  t h e filt e r. F o r  

m o st  p r a cti c al  d e si g n s,  s u c h a n  e x h a u sti v e  s e a r c h will  r e q ui r e l a r g e a m o u nt s  of  c o m p ut e r  

ti m e a n d i s cl e a rl y i n effi ci e nt. I n p r a cti c e,  u s e  i s m a d e  of  o pti mi z ati o n al g o rit h m s t o 

r e d u c e t h e s e a r c h s p a c e a n d  i n c r e a s e p r o g r a m  effi ci e n c y [ 6 3- 6 9].

Si n c e  it i s d e si r a bl e  t o h a v e  a  p r o g r a m  t h at i m pl e m e nt s t h e e nti r e  d e si g n  p r o c e s s  a n d  

b e c a u s e  of  t h e diffi c ulti e s  i n s y nt h e si zi n g c a s c a d e d t r a n s mi s si o n li n e filt e r s [ 4 2, 6 2], t h e
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s e c o n d a p p r o a c h  i s p r ef e r r e d  f o r U E W D F  d e si g n.  T h e  d e si g n  p r o g r a m  d et ail e d  i n t hi s 

t h e si s i s b a s e d  o n  t h e s e c o n d a p p r o a c h  b ut  d o e s  n ot  e m pl o y  a n o pti mi z ati o n  al g o rit h m.

4. 3. 2  O B S E R V A TI O N S  O N  L O W  P A S S  U E W D F s

( a) It i s u s ef ul,  f o r o b vi o u s  r e a s o n s, t o k n o w  w h et h e r  l o w p a s s  U E W D F s  c a n b e  

d e si g n e d  u si n g  o nl y  c o effi ci e nt s w hi c h  a r e  p o w e r s  of  1 / 2.  I n o r d e r  t o a n s w e r  

t hi s q u e sti o n,  a n  e x h a u sti v e  s e a r c h  w a s  c a r ri e d o ut  f o r all  c o m bi n ati o n s of  t h e 

f oll o wi n g c o effi ci e nt v al u e s ; il / 2, z El / 4, il / 8, il / 1 6, il / 3 2.

It w a s  f o u n d t h at f o r a t hi r d o r d e r U E W D F,  t h e o nl y c o m bi n ati o n t h at 

r e s ult e d i n a  r e a s o n a bl e l o w p a s s  r e s p o n s e w a s  ; al =- 0. 2 5,  a 2 = 0. 5,  a 3 =- 0. 5  

« 4 = 0. 2 5.

I n t hi s c a s e  t h e p a s s b a n d  ri p pl e w a s  0. 0 2 d B,  p a s s b a n d  e d g e  w a s  0. 1 5 F s  ( F s i s 

t h e s a m pli n g f r e q u e n c y) a n d  t h e m a xi m u m  st o p b a n d l o s s w a s  8 d B.

F o r  a fift h o r d e r U E W D F,  it w a s  f o u n d t h at t h e o nl y c o m bi n ati o n w hi c h  

r e s ult e d i n a  r e a s o n a bl e l o w p a s s  r e s p o n s e w a s  ; al =- 0. 2 5,  c e 2 = 0. 5, a 3 =- 0. 5,  

a 4 = 0. 5, a 5 =- 0. 5, a 6 = 0. 2 5.

I n t hi s c a s e t h e m a xi m u m  g ai n  w a s  - 0. 4 d B, t h e p a s s b a n d  ri p pl e w a s  0. 8 d B,  

t h e p a s s b a n d  e d g e w a s  0. 2 6 F s  a n d  t h e m a xi m u m  st o p b a n d l o s s w a s  1 6 d B.

F r o m  t h e a b o v e  r e s ult s, it i s c o n cl u d e d  t h at n o  u s ef ul  l o w p a s s  U E W D F s  c a n  

b e  d e si g n e d  u si n g  o nl y  c o effi ci e nt s t h at a r e  p o w e r s  of  1 / 2.

( b) O nl y  U E W D F s  w hi c h  h a v e  c o r r e s p o n di n g c a s c a d e d t r a n s mi s si o n li n e filt e r s 

a r e of i nt e r e st [ 4 5]. Si n c e t h e c h a r a ct e ri sti c i m p e d a n c e s c a n n e v e r b e  

n e g ati v e,  it f oll o w s f r o m t h e r el ati o n s hi p b et w e e n  t h e U E W D F  c o effi ci e nt s  a k  

a n d  t h e c h a r a ct e ri sti c i m p e d a n c e s Z k  ( s e e s e cti o n 4. 2. 3)  t h at c e k c a n o nl y  

t a k e o n  v al u e s  b et w e e n  + 1  a n d  - 1.

( c) F o r  U E W D F s  c o r r e s p o n di n g t o L e v y ’s filt e r s [ 6 0], it i s k n o w n  f r o m t h e o r y 

t h at f o r all o d d o r d e r filt e r s, t h e a b s ol ut e v al u e s of  t h e c o effi ci e nt s a r e  

s y m m et ri c al a b o ut  t h e c e nt r e. It w a s  al s o  n ot e d  t h at i n all  o d d  o r d e r  c a s e s, a s
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w e  t r a v el al o n g  t h e filt e r f r o m l eft t o ri g ht ( s e e fi g u r e 4. 4),  t h e si g n of  t h e 

c o effi ci e nt i s n e g ati v e  a n d  t h e si g n alt e r n at e s  f o r s u b s e q u e nt c o effi ci e nt s, i. e. 

f o r a n  nt h  o r d e r  filt e r, o k  =  o n +l- k  w h e r e  n  i s o d d  a n d  ali s  al w a y s  n e g ati v e.

F u rt h e r m o r e,  t h e a b s ol ut e  v al u e s  of  t h e c o effi ci e nt s al w a y s  i n c r e a s e t o w a r d s 

t h e c e nt r e of  t h e filt e r. If t h e v al u e s  of  t h e c o effi ci e nt s  a r e  pl ott e d  a s  s h o w n i n 

fi g u r e 4. 5,  t h e n it i s n ot e d  t h at t h e ’c o effi ci e nt c u r v e ’ i s al w a y s s m o ot h a n d  

c o n v e x wit h  t h e e x c e pti o n  of  t h e fi r st c o effi ci e nt i n b r o a d  b a n d  filt e r s.

T h e  c o effi ci e nt c u r v e s i n fi g u r e 4. 5  a r e f o r 7t h, 1 1t h  a n d 1 3t h  o r d e r  filt e r s. 

Vi e w e d f r o m t o p t o b ott o m, t h e c o effi ci e nt c u r v e s gi v e U E W D F s  of  

i n c r e a si n g b a n d wi dt h.

( d) I n p r a cti c e,  it h a s  b e e n  f o u n d t h at t h e o pti m u m  l o w p a s s  U E W D F  i n t e r m s of  

f r e q u e n c y r e s p o n s e i s o bt ai n e d  w h e n  t h e c o n diti o n s i n ( c) a r e s ati sfi e d, i. e. 

t h e q u a nti z e d  c o effi ci e nt s a r e r el at e d a s s h o w n i n ( c).

T hi s  vi e w  i s f u rt h e r s u p p o rt e d b y  t h e r e s ult s s h o w n i n r ef e r e n c e [ 4 2]. T hi s  i s 

i m p o rt a nt b e c a u s e  t h e m et h o d  u s e d  i s n ot  b a s e d  o n  L e v y ’s t a bl e s b ut  o n  a n  

o pti mi z ati o n  p r o c e d u r e.

( e) It i s n ot e d  f r o m [ 6 0] t h at w h e n  n  i s l a r g e, t h e f e w c e nt r al V S W R s  a r e all  

n e a rl y  e q u al. T hi s  m e a n s  t h at f o r t h e c o r r e s p o n di n g U E W D F s,  t h e c e nt r al  

c o effi ci e nt s a r e n e a rl y  e q u al.

(f) F o r  all fift h o r d e r  U E W D F s  d e ri v e d  f r o m L e v y ’s filt e r s [ 6 0], t h e c o effi ci e nt  

c u r v e s w e r e  pl ott e d. It w a s  n ot e d  t h at a s t h e st o p b a n d l o s s i n c r e a s e s, t h e 

c o effi ci e nt c u r v e o c c u pi e s  a  hi g h e r  r e gi o n of  t h e g r a p h  ( s e e fi g u r e 4. 6 a).  T hi s  

w a s  f o u n d t o b e  t h e c a s e f o r all o d d  o r d e r  U E W D F s  d e ri v e d  f r o m L e v y ’s  

filt e r s.

It w a s  al s o n ot e d  t h at a s t h e b a n d wi dt h i n c r e a s e s, t h e c o effi ci e nt c u r v e  

o c c u pi e s  a l o w e r r e gi o n of  t h e g r a p h ( s e e fi g u r e 4. 6 b).

4. 3. 3  P R O G R A M  O U T LI N E

A  p r o g r a m  t o d e si g n  l o w p a s s  U E W D F s  i n t h e di s c r et e  d o m ai n  c a n b e  w ritt e n  u si n g  a  

di r e ct  s e a r c h t e c h ni q u e. T hi s  w o ul d  i n v ol v e s e a r c hi n g t h e e nti r e di s c r et e  s p a c e f o r a
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s ol uti o n, i. e. w e  w o ul d  h a v e  t o c o n si d e r  e v e r y  p o s si bl e  v al u e  of  c el, a 2,  a 3,  et c.  F o r  m  bit  

c o effi ci e nt s, t hi s w o ul d  i n v ol v e 2 ™  p o s si bl e  v al u e s f o r e a c h c o effi ci e nt. F o r  a n ( n-l)t h  

o r d e r  U E W D F,  t h e n u m b e r  of  p o s si bl e  c o effi ci e nt s et s w o ul d  t h e n b e  ( 2 )n .

H o w e v e r,  if w e  m a k e  u s e of t h e o b s e r v ati o n t h at t h e a b s ol ut e v al u e s of t h e 

c o effi ci e nt s  a r e  s y m m et ri c al, t h e si g n s of  t h e c o effi ci e nt s alt e r n at e  a n d  t h e si g n of  t h e fi r st 

c o effi ci e nt i s al w a y s n e g ati v e,  t h e n t h e n u m b e r  of  p o s si bl e  c o effi ci e nt s et s r e d u c e s t o 

( 2 *n ~ l )n ^ z . I n m o st  p r a cti c al  c a s e s, t hi s v al u e  w o ul d  still b e  t o o l a r g e t o b e  u s ef ul.

W e  c a n c o n st r ai n t h e s e a r c h s o t h at o nl y  c o effi ci e nt s w hi c h  li e o n  a s m o ot h c o n v e x  

c o effi ci e nt c u r v e ( s e e s e cti o n 4. 2. 2( c))  a r e i n v e sti g at e d. O n  t h e b a si s of  t hi s, a fi nit e 

w o r dl e n gt h  d e si g n  p r o g r a m  c a n  b e  w ritt e n  w hi c h  i n v e sti g at e s all  c u r v e s of  t hi s ki n d  i n t h e 

di s c r et e  s p a c e u ntil  o n e  t h at s ati sfi e s t h e s p e cifi c ati o n i s f o u n d.

T a ki n g  n ot e  of  t h e o b s e r v ati o n s  i n s e cti o n 4. 2. 2(f),  w e  c a n e xt r a ct  a  l o w e r li mit t o t h e 

s e a r c h a r e a f r o m L e v y ’s t a bl e s a c c o r di n g  t o t h e st o p b a n d l o s s r e q ui r e m e nt. Si mil a rl y, a  

hi g h e r  li mit m a y  b e  s et a c c o r di n g  t o t h e b a n d wi dt h  r e q ui r e m e nt s.

Al s o,  f o r hi g h e r  o r d e r  filt e r s, w e  c a n m a k e  u s e  of  t h e o b s e r v ati o n  i n s e cti o n 4. 2. 2( e)  

b y  li miti n g t h e r a n g e of  v al u e s  t h at t h e c e nt r al c o effi ci e nt s c a n t a k e.

4. 3. 4  E X A M P L E  P R O G R A M

A  p r o g r a m f o r t h e fi nit e w o r dl e n gt h  d e si g n of l o w p a s s U E W D F s  wit h  8 bit  

c o effi ci e nt s h a s  b e e n  d e si g n e d  a n d  i m pl e m e nt e d. T h e  p r o g r a m  i s b a s e d  o n  t h e i d e a s of  

s e cti o n 4. 3. 3  a n d  i s s h o w n i n a p p e n di x  Cl.

T h e  p r o g r a m  r e c ei v e s a s i n p ut t h e t ol e r a n c e s c h e m e p a r a m et e r s  ; p a s s b a n d  ri p pl e,  

p a s s b a n d  e d g e  f r e q u e n c y, st o p b a n d l o s s a n d  st o p b a n d e d g e f r e q u e n c y. T h e  p r o g r a m  fi r st 

e sti m at e s  t h e r e q ui r e d o r d e r  a c c o r di n g t o t h e f o r m ul a gi v e n i n s e cti o n 4. 2. 3  a n d if t h e 

o r d e r  i s e v e n  t h e n e xt  hi g h e r  o r d e r  i s s el e ct e d. It t h e n e xt r a ct s  t h e u p p e r  a n d  l o w e r li mit s 

f o r t h e c o effi ci e nt s f r o m L e v y ’s t a bl e s. N ot e  t h at t h e r el e v a nt d at a  i s k e pt  i n a fil e c all e d  

r a n g e f r o m w hi c h  t h e s e li mit s a r e o bt ai n e d. T h e  d at a  i n t h e fil e r a n g e f o r fift h a n d  

s e v e nt h o r d e r  U E W D F s  i s s h o w n i n t h e a p p e n di x Cl.  N ot e  t h at t h e l o w e st v al u e s of  
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c o effi ci e nt c u r v e s f o r l O d B, 2 0 d B, 3 0 d B,...  st o p b a n d l o s s e s a r e gi v e n. Si mil a rl y, t h e 

hi g h e st v al u e s of c o effi ci e nt c u r v e s f o r 0. 0 5 F s, 0.  l F s,... 0. 3 5 F s ( F s i s t h e s a m pli n g  

f r e q u e n c y) p a s s b a n d  wi dt h s  a r e gi v e n.

T h e  m ai n  p a rt  of  t h e p r o g r a m  i s c o n c e r n e d wit h  o bt ai ni n g  c o effi ci e nt  v al u e s  t h at li e 

o n  a  c u r v e a s  di s c u s s e d  e a rli e r  a n d  d et e r mi ni n g  w h et h e r  t h e s p e cifi c ati o n i s m et*.  F o r  e a c h  

s et of  c o effi ci e nt s, t h e f r e q u e n c y r e s p o n s e i s e v al u at e d  a n d  if it fit s t h e t ol e r a n c e s c h e m e,  

t h e c o effi ci e nt s et i s r e p o rt e d. If aft e r e x a mi ni n g all p o s si biliti e s  wit hi n  t h e li mit s s et  

a b o v e, f ail u r e o c c u r s,  t h e n t h e o r d e r  of  t h e filt e r i s i n c r e a s e d b y  2  a n d  t h e w h ol e  p r o c e s s  

i s r e p e at e d.

* f o r a  m o r e  c o m pl et e e x pl a n ati o n of  t h e m a n n e r  i n w hi c h  t h e c o effi ci e nts t h at li e
o n  a  c o n v e x c u r v e a r e  d et e r mi n e d,  s e e a p p e n di x Cl.

A s  a n e x a m pl e, c o n si d e r t h e d e si g n of a l o w p a s s U E W D F  w hi c h  s ati sfi e s t h e 

f oll o wi n g a r bit r a ril y  t ol e r a n c e s c h e m e :

p a s s b a n d  e d g e =  0. 1  F s

p a s s b a n d  ri p pl e =  0. 1  d B

st o p b a n d e d g e =  0. 2  F s

st o p b a n d l o s s =  6 0  d B

F o r  t hi s s p e cifi c ati o n, t h e a b o v e  p r o g r a m  g a v e t h e f oll o wi n g r e s ult s :

o r d e r  =  9

al  =  - 0. 4 0 1 5 7 4 =  - al O

a 2  =  0. 8 0 3 1 4 8  =  - a 9

a  3 =  - 0. 9 1 3 3 8 4 =  - a 8

a 4  =  0. 9 2 9 1 3 2  =  - a 7

a 5 =  0. 9 3 7 0 0 6 1  =  - a 6

T h e  U E W D F  wit h  t h e a b o v e  c o effi ci e nt  v al u e s  w a s  si m ul at e d  u si n g  DI F SI P  a n d  it w a s  

n ot e d  t h at t h e a m plit u d e r e s p o n s e s ati sfi e d t h e t ol e r a n c e s c h e m e r e q ui r e m e nt s.
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The run time for this process was 10 minutes of CPU time on a Gould supermini 

computer. Obviously, this value would be lower for coefficient wordlengths lower than 8 

bits and vice versa.

It would be useful to investigate more efficient programming methods in order to 

reduce the computer time requirements. However, it is clear from above that in principle, 

the method is of practical value. Furthermore, since this method does not involve any 

optimization algorithms, elements of it may be used to improve the efficiency of programs 

based on optimization algorithms. Combinations of the two techniques should be 

investigated and this is left as an exercise in further work.
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4. 4  A N  A R C HI T E C T U R E  F O R  T H E  C A S C A D E D  U NI T  E L E M E N T  W D F

T h e  U E W D F  i s t h e si m pl e st W D F  f r o m t h e i m pl e m e nt ati o n vi e w p oi nt.  T h e r ef o r e,  it 

h a s b e e n wi d el y  st u di e d a n d a n u m b e r of a r c hit e ct u r e s h a v e b e e n r e p o rt e d i n t h e 

lit e r at u r e.

I n t hi s s e cti o n, a b ri ef  r e vi e w of  t h e a r c hit e ct u r e s r e p o rt e d i n t h e lit e r at u r e will  b e  

gi v e n  a n d  a  n e w  a r c hit e ct u r e  w hi c h  e x pl oit s  t h e i n h e r e nt p a r all eli s m  of  t h e U E W D F  will  

b e  d e s c ri b e d.

4. 4. 1  R E VI E W

A s  di s c u s s e d e a rli e r, t h e a p pli c ati o n of F ett w ei s ’ t e c h ni q u e s t o t h e c a s c a d e d  

t r a n s mi s si o n li n e s filt e r r e s ult s i n t h e U E W D F  of  fi g u r e 4. 4.  It c a n  b e  s h o w n [ 4 5] t h at t h e 

p ai r  of  h alf  d el a y s  c o r r e s p o n di n g t o t h e t r a n s mi s si o n li n e s e g m e nt c a n b e  r e pl a c e d b y  a  

si n gl e d el a y.  T hi s  d el a y  c a n  b e  pl a c e d  i n eit h e r  t h e u p p e r  o r  l o w e r a r m s. O n  t h e b a si s  of  

t hi s, t w o alt e r n ati v e  r e p r e s e nt ati o n s of  t h e U E W D F  c a n  b e  o bt ai n e d  a s  s h o w n a s  s h o w n i n 

fi g u r e s 4. 7 c  a n d  4. 7 d.  T h e  o nl y  diff e r e n c e  i n t e r m s of  f r e q u e n c y r e s p o n s e b et w e e n  t h e s e 

t w o st r u ct u r e s a n d  t h e st r u ct u r e of  fi g u r e 4. 7 b  ( n ot e t h at t hi s i s t h e s a m e a s  fi g u r e 4. 4)  i s a  

c o n st a nt d el a y  i n t h e g r o u p d el a y.

Cl e a rl y,  t h e st r u ct u r e s of  fi g u r e s 4. 7 c  a n d 4. 7 d  will  r e q ui r e l e s s h a r d w a r e  t h a n t h e 

st r u ct u r e of  fi g u r e 4. 7 b.  T h e r ef o r e,  s o m e a ut h o r s h a v e  c h o s e n t o d e si g n  a r c hit e ct u r e s  

b a s e d  o n  t h e s e st r u ct u r e s. Of  t h e s e t w o, it i s i m p o rt a nt t o n ot e  t h at m ulti pl e x a bilit y  i s o nl y  

p o s si bl e  w h e n  all  t h e d el a y s  a r e eit h e r  i n t h e u p p e r  o r  l o w e r a r m s (fi g u r e 4. 7 c).  O n  t h e 

ot h e r h a n d,  f o r di r e ct  i m pl e m e nt ati o n s, t h e st r u ct u r e of  fi g u r e 4. 7 d  i s m o r e  s uit a bl e  

b e c a u s e t h e c riti c al p at h i s t h e n e q u al t o t h e d el a y t h r o u g h t w o a d a pt o r s a n d i s 

i n d e p e n d e nt of  t h e filt e r o r d e r.  T h e r ef o r e,  t h e m a xi m u m  s a m pli n g f r e q u e n c y p o s si bl e  will  

b e  hi g h e r  wit h  t h e st r u ct u r e of  fi g u r e 4. 7 d  t h a n wit h  t h at of  fi g u r e 4. 7 c.

T h e  a d v a nt a g e of  e m pl o yi n g  t h e st r u ct u r e of  fi g u r e 4. 7 b  i s t h at alt h o u g h it r e q ui r e s  

m o r e  h a r d w a r e t h a n t h e ot h e r t w o, it i s m ulti pl e x a bl e  a n d gi v e s o pti m u m s p e e d  

p e rf o r m a n c e.

A n  a r c hit e ct u r e  b a s e d  o n  t h e st r u ct u r e of  fi g u r e 4. 7 c  h a s  b e e n  p r e s e nt e d  b y  L a w s o n  

[ 7 0, 7 1]. T hi s  e m pl o y s a si n gl e m ulti pl e x e d  t w o p o rt  a d a pt o r a n d a n i m pl e m e nt ati o n of  
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t h e a r c hit e ct u r e wit h  di s c r et e  I C s i s gi v e n i n [ 7 2]. A n  a r c hit e ct u r e s uit a bl e f o r V L SI  

i m pl e m e nt ati o n of  t hi s st r u ct u r e a n d e m pl o yi n g s y st oli c a r r a y s h a s  b e e n  p r e s e nt e d  b y  

Mi r z ai  [ 4 2]. Si k st r o m [ 7 3] h a s  p r o p o s e d  a n a r c hit e ct u r e  f o r t h e L SI  i m pl e m e nt ati o n of  

t h e st r u ct u r e of fi g u r e 4. 7 d a n d h a s d e si g n e d a b a si c s u b st r u ct u r e ( c o m p ri si n g t w o 

a d a pt o r s a n d  t w o d el a y s)  w hi c h  m a y  b e  c a s c a d e d t o r e ali z e hi g h e r  o r d e r  filt e r s.

T h e  st r u ct u r e of  fi g u r e 4. 7 b  h a s b e e n  u s e d  b y C a r d o s o [ 7 4] a s a b a si s f o r a n  

a r c hit e ct u r e  w hi c h  h a s  t h e a d diti o n al  f e at u r e of  b ei n g  m ulti pli e rl e s s.  T hi s  i s a c hi e v e d  b y  

c o n st r ai ni n g t h e r a n g e of  c o effi ci e nt s t h at c a n b e  r e ali z e d t o si m pl e c o m bi n ati o n s of  

p o w e r s  of  1 / 2. B e a ri n g  i n mi n d  t h e di s c u s si o n  of  s e cti o n 4. 3. 2,  it i s cl e a r t h at s u c h a n  

a p p r o a c h will  h a v e  li mit e d a p pli c ati o n.

4. 4. 2  A  N E W  A R C HI T E C T U R E

A  di r e ct  i m pl e m e nt ati o n of  t h e st r u ct u r e of  fi g u r e 4. 4  w o ul d  e nt ail  a di r e ct  m a p pi n g  

of  t h e st r u ct u r e o nt o  h a r d w a r e.  T h at  i s, e a c h  m ulti pli e r,  a d d e r / s u bt r a ct o r  a n d  d el a y  w o ul d  

b e  i m pl e m e nt e d wit h  h a r d w a r e  e q ui v al e nt s.  T h e  r e s ulti n g h a r d w a r e  s c h e m e w o ul d  t h e n b e  

cl o c k e d at  t wi c e t h e s a m pli n g f r e q u e n c y w h e r e  t h e cl o c k f r e q u e n c y w o ul d  b e  li mit e d b y  

t h e d el a y  t h r o u g h t h e t w o p o rt  a d a pt o r. Di r e ct  i m pl e m e nt ati o n r e q ui r e s l a r g e a m o u nt s  of  

h a r d w a r e  a n d  t h e r ef o r e, m ulti pl e x e d  s y st e m s a r e m o r e  u s ef ul

T h e  st r u ct u r e of  fi g u r e 4. 4  c a n b e  i m pl e m e nt e d wit h  a si n gl e m ulti pl e x e d  t w o p o rt  

a d a pt o r. F o r  t h e p u r p o s e s  of  ill u st r ati o n, t h e st r u ct u r e c a n b e  r e d r a w n i n t h e f o r m s h o w n  

i n fi g u r e 4. 8.

F o r  e a c h  t w o p o rt  a d a pt o r  i n fi g u r e 4. 8 b,  w e  n e e d  t o c o m p ut e t h e v al u e s  B  a n d D  

( s e e fi g u r e 4. 8 a)  f o r t h e c u r r e nt v al u e s  of  A  a n d C.  At  t h e b e gi n ni n g  of  a h alf  s a m pli n g  

p e ri o d,  t h e p r e vi o u s  v al u e s  of  B  a n d  D  f o r a  p a rti c ul a r  a d a pt o r  b e c o m e  t h e c u r r e nt  v al u e s  

of  A  a n d C  f o r t h e s u c c e e di n g a d a pt o r. T hi s  i s t h e c a s e f o r all  e x c e pt  t h e fi r st a n d  l a st 

a d a pt o r s w h e r e  t h e v al u e of  A  i n t h e fi r st a d a pt o r a n d C  i n t h e l a st a d a pt o r a r e t h e 

c u r r e nt v al u e s of  t h e i n p ut s ( n o r m all y t h e i n p ut at  t h e l a st a d a pt o r i s s et t o z e r o) . T h e  

c u r r e nt  v al u e s  of  B  a n d  D  f o r t h e fi r st a n d  l a st a d a pt o r s  gi v e  u s  t h e t w o o ut p ut s  a s  s h o w n.  

T h e  s a m pli n g f r e q u e n c y i n t hi s c a s e i s e q u al  t o 2 n + 2  cl o c k c y cl e s ( n i s t h e filt e r o r d e r)  

a n d  t h e m a xi m u m  cl o c k f r e q u e n c y i s li mit e d b y  t h e d el a y  t h r o u g h t h e t w o p o rt  a d a pt o r.
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Note from figure 4.4 that because of the position of the delays, the two port adaptors 

would operate in parallel for a direct implementation. This fact can be used to advantage 

in the multiplexed system by pipelining the two port adaptor as shown in figure 4.8b 

where the dotted lines indicate the breakdown of the pipeline. This means that when the 

computation process for adaptor 1 (figure 4.8b) progresses to the second stage of the 

pipeline, the first stage of the pipeline can operate on adaptor 2, and on the next clock 

cycle the adaptor 1 process progresses to stage 3 of the pipeline, adaptor 2 to stage 2, 

adaptor 3 to stage 1 and so on. Effectively, the sampling frequency is equal to (2n+2)+2 

clock cycles where the clock frequency is limited by the pipeline processes. This clock 

frequency will obviously be higher than the previous one and consequently the sampling 

frequency will be higher.

Note that for every adaptor in figure 4.8b, the values B and D can be stored in the 

same registers as the values A and C since these are no longer required. This process is 

repeated n+1 times for an nth order UEWDF. It is then necessary to carry out 

appropriate adjustments so that all A and C values for the next half sampling interval 

reside in the correct registers. For example, during a half sampling interval, the B and D 

values for adaptor 2 are evaluated and placed in the same registers as the A and C values 

for adaptor 2. However, for the next half sampling interval, the B value for adaptor 2 

becomes the A value for adaptor 3 and the D value for for adaptor 2 becomes the C value 

for adaptor 1. This means that a lower sampling frequency than previously suggested will 

be obtained. This aspect will be discussed further at a later stage.

We will define the processing cycle as the set of processes required by the multiplexed 

system to compute the response to a single input value. Clearly, there will be two 

processing cycles per sampling interval and on the second cycle, both input values must be 

zero.

An architecture based on the above ideas has been designed (see figure 4.9). The two 

port adaptor implementation comprises a subtractor, multiplier array, two adders, two 

pipeline registers and two sets of double register stacks (A1,A2 and C1,C2). Note the 

positions of the pipeline registers in figure 4.9 with respect to the positions indicated in 
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fi g u r e 4. 8 a.  T h e  p u r p o s e  of  t h e d o u bl e  r e gi st e r st a c k s i s t o st o r e t h e A  a n d  C  v al u e s  f o r 

u s e  i n t h e t hi r d st a g e of  t h e pi p eli n e.

T h e  d el a y s  a r e  i m pl e m e nt e d wit h  t w o r e gi st e r st a c k s a n d  m ulti pl e x e r s  a r e  i n cl u d e d t o 

e n a bl e i n p ut v al u e s t o b e f e d i nt o t h e s y st e m. T h e  c o effi ci e nt R A M  c o m p ri s e s a  

ci r c ul at o r y s et of  r e gi st e r s wit h  t w o d u m m y  r e gi st e r s. T h e  c o nt r ol s y st e m s u p pli e s all  t h e 

n e c e s s a r y  cl o c k a n d c o nt r ol si g n al s a n d  t h e a r c hit e ct u r e  c a n b e  c o nfi g u r e d f o r diff e r e nt  

o r d e r s.  T hi s  i s d o n e  b y  m a ki n g  s o m e of  t h e r e gi st e r s i n t h e st a c k s a n d  R A M  t r a n s p a r e nt.

A n  i m p o rt a nt f e at u r e of  t hi s a r c hit e ct u r e  i s t h at a n u m b e r  of  t h e s e s y st e m s m a y  b e  

u s e d  i n p a r all el  t o a c hi e v e  hi g h e r  s a m pli n g r at e s. F o r  e x a m pl e, a s e v e nt h o r d e r  U E W D F  

m a y  b e  i m pl e m e nt e d wit h  t w o m ulti pl e x e d  s y st e m s e a c h  of  w hi c h  i m pl e m e nt s f o u r st a g e s  

of  t h e U E W D F.  T h e  m a xi m u m  s a m pli n g f r e q u e n c y p o s si bl e  will  t h e n b e  t wi c e t h at of  a  

s c h e m e c o m p ri si n g a si n gl e m ulti pl e x e d  s y st e m.

S Y S T E M  O P E R A TI O N

A s s u m e  t h at t h e a r c hit e ct u r e  h a s  b e e n  c o nfi g u r e d f o r a gi v e n  o r d e r  a n d  a p p r o p ri at e  

c o effi ci e nt v al u e s  h a v e  b e e n  l o a d e d i nt o t h e R A M.  T h e n  t h e a r ri v al of  a s a m pl e r e a d y  

si g n al ( s a m pl e cl o c k e d g e i n ot h e r  w o r d s)  will  t ri g g e r t h e c o nt r ol s y st e m w hi c h  s u p pli e s  

a p p r o p ri at e  cl o c k a n d  c o nt r ol si g n al s t o c o m pl et e t w o p r o c e s si n g  c y cl e s. T hi s  m e a n s  t h at 

t h e s a m pl e cl o c k i s i n d e p e n d e nt of  t h e s y st e m cl o c k.

F o r a n nt h o r d e r U E W D F,  t h e n u m b e r of cl o c k c y cl e s r e q ui r e d p e r s a m pl e i s 

2(( n +l) + 3). T h e  m a xi m u m  cl o c k f r e q u e n c y p o s si bl e i s t h e r ef o r e S Y S T E M C L O C K  

F R E Q U E N C Y /( 2 n + 8).

C L O C KI N G  A N D  C O N T R O L  A S P E C T S  ( s e e fi g u r e 4. 1 0 )

T h e  s y st e m i s s y n c h r o n o u s a n d all cl o c k a n d c o nt r ol si g n al s a r e d e ri v e d  f r o m t h e 

s a m e cl o c k si g n al ( C L K) . T h e  f r a m e si g n al ( F R A M E) d efi n e s  t h e wi n d o w  d u ri n g  w hi c h  

s y st e m o p e r ati o n will  t a k e pl a c e wit hi n  o n e s a m pli n g i nt e r v al. T h e  f r a m e wi dt h  i s 

d e p e n d e nt  u p o n  t h e filt e r o r d e r (f r a m e wi dt h  =  2 n + 8  cl o c k c y cl e s w h e r e  n  i s t h e filt e r 

o r d e r)  a n d  t hi s si g n al i s t ri g g e r e d b y  t h e s a m pl e r e a d y si g n al ( SI G C L K) . T h e  s y st e m cl o c k  
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si g n al ( C L K) i s n ot d e p e n d e nt o n t h e s a m pl e r e a d y si g n al a n d t h e r ef o r e e xt e r n al  

s y n c h r o ni z ati o n p r o bl e m s  a r e a v oi d e d. F u rt h e r m o r e, t h e s y st e m m a y  b e d e si g n e d  t o 

m a xi mi z e  cl o c k f r e q u e n c y a n d  o n c e  s et, t hi s cl o c k f r e q u e n c y c a n  b e  u s e d  f o r all  s a m pli n g  

f r e q u e n ci e s wit hi n  t h e li mit.

T h e  f r a m e si g n al i s u s e d  t o d e ri v e t h e t w o h alf f r a m e si g n al s ( H A L F R M  1 a n d  

H A L F R M 2)  w hi c h  d efi n e t h e d u r ati o n s of  t h e t w o p r o c e s si n g c y cl e s t h at m u st  b e  

c o m pl et e d i n o n e  s a m pli n g i nt e r v al. T h e  h alf  f r a m e wi dt h  i s e q u al  t o n + 4  cl o c k c y cl e s.

T h e  c o nt r ol si g n al s t o t h e m ulti pl e x e r  M U X 1  ( s e e fi g u r e 4. 9)  a r e  u s e d  t o s el e ct eit h e r  

i n p ut 1 ( SI G) o r  z e r o o r  t h e o ut p ut  of  r e gi st e r st a c k 2.  D u ri n g  t h e fi r st cl o c k c y cl e of  t h e 

fi r st p r o c e s si n g  c y cl e, i n p ut 1 i s s el e ct e d ( Mil) a n d  si mil a rl y f o r t h e s e c o n d p r o c e s si n g  

c y cl e, z e r o  i s s el e ct e d ( M 1 2). At  all  ot h e r  ti m e s, t h e o ut p ut  of  r e gi st e r st a c k 2  i s s el e ct e d.

T h e  c o nt r ol si g n al s t o t h e m ulti pl e x e r  M U X 2  ( s e e fi g u r e 4. 9)  a r e  u s e d  t o s el e ct eit h e r  

i n p ut 2  o r  z e r o  o r  t h e o ut p ut  of  r e gi st e r st a c k 1.  D u ri n g  t h e ( n +l)t h cl o c k c y cl e of  t h e fi r st 

p r o c e s si n g  c y cl e, i n p ut 2  i s s el e ct e d ( M 2 1) a n d  si mil a rl y f o r t h e s e c o n d p r o c e s si n g  c y cl e,  

z e r o i s s el e ct e d ( M 2 2). Si n c e  i n p ut 2  i s n o r m all y  s et t o z e r o, a  t hi r d c o nt r ol si g n al ( M 2 3) 

i s d efi n e d  w hi c h  s el e ct s z e r o. At  all  ot h e r  ti m e s, t h e o ut p ut  of  r e gi st e r st a c k 1 i s s el e ct e d.

T h e  cl o c k si g n al s r e q ui r e d b y  t h e s u b s y st e m s i n fi g u r e 4. 9  a r e ill u st r at e d i n fi g u r e 

4. 1 0 b.  N ot e  t h at r e gi st e r st a c k 1  r e q ui r e s a n  a d diti o n al  cl o c k  e d g e ( C L K 2) p e r  p r o c e s si n g  

c y cl e c o m p a r e d  wit h  r e gi st e r st a c k 2  ( C L K 1). T hi s  a d diti o n al  s hift i n st a c k 1 i s n e c e s s a r y  

t o pl a c e  t h e A  a n d  C  v al u e s i n t h e c o r r e ct r e gi st e r s a s di s c u s s e d  e a rli e r.

N ot e  t h at t h e cl o c k si g n al s f o r t h e o ut p ut  r e gi st e r s diff e r  f o r o d d  a n d e v e n o r d e r  

filt e r s. T h e  p o siti o n  of  t h e cl o c k  p ul s e  wit hi n  t h e p r o c e s si n g  c y cl e r e m ai n s u n c h a n g e d  b ut  

f o r e v e n  o r d e r  filt e r s, t h e o ut p ut  r e gi st e r s a r e  cl o c k e d i n t h e fi r st p r o c e s si n g  c y cl e w h e r e a s  

f o r o d d  o r d e r,  t h e r e gi st e r s a r e cl o c k e d i n t h e s e c o n d p r o c e s si n g  c y cl e.

R E C O N FI G U R A BI LI T Y  A N D  P R O G R A M M A BI LI T Y

W e  m a y  c o nfi g u r e t h e a r c hit e ct u r e  f o r diff e r e nt  o r d e r  U E W D F s  b y  m a ki n g  s o m e of  

t h e r e gi st e r s i n t h e st a c k s a n d  c o effi ci e nt R A M  t r a n s p a r e nt. I n p r a cti c e,  w e  m a y  c h o o s e  t o 

p r o vi d e  i n di vi d u al c o nt r ol li n e s i n o r d e r  t o f a cilit at e t r a n s p a r e n c y c o nt r ol.
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For a given order, the architecture may be programmed for different UEWDFs by 

loading appropriate coefficients into the RAM.
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4. 5  SI M U L A TI O N  O F  A R C HI T E C T U R E  A T  F U N C TI O N A L  L E V E L

F U N C TI O N A L L E V E L SI M U L A TI O N WI T H  S E Q U E N TI A L P R O G R A M MI N G  
L A N G U A G E S

S y n c h r o n o u s s y st e m s c a n b e  m o d ell e d  wit h  r e gi st e r s a n d c o m bi n ati o n al f u n cti o n s 

( a d diti o n, m ulti pli c ati o n,  et c - i. e. o p e r ati o n s w hi c h  d o n ot  i n v ol v e m e m o r y).  S u c h  

s y st e m s c a n b e  si m ul at e d at  t h e f u n cti o n al l e v el wit h  s e q u e nti al p r o g r a m mi n g  l a n g u a g e s.

I n m o d elli n g  a s y n c h r o n o u s s y st e m wit h  a s e q u e nti al l a n g u a g e, all r e gi st e r s a r e  

m o d ell e d  wit h  r e al v a ri a bl e s a n d t h e a s si g n m e nt of  v al u e s t o t h e v a ri a bl e s m o d el s  t h e 

p r o c e s s  of  cl o c ki n g a  r e gi st e r. T h e  c o m bi n ati o n al f u n cti o n s a r e  m o d ell e d  wit h  e x p r e s si o n s  

i n t e r m s of  t h e a b o v e v a ri a bl e s a n d a r e e v al u at e d i n s e q u e n c e aft e r r e gi st e r cl o c ki n g  

o p e r ati o n s  h a v e  b e e n  p e rf o r m e d.

T hi s  a p p r o a c h  i s a d o pt e d h e r e  r at h e r t h a n t h e u s e  of  si m ul ati o n p r o g r a m s  s u c h a s  

HI L O  [ 7 5] b e c a u s e i nfi nit e si g n al w o r dl e n gt h s  c a n b e m o d ell e d.  F u rt h e r m o r e, t hi s 

a p p r o a c h  i s m o r e  fl e xi bl e f r o m t h e vi e w p oi nt  of  i n p ut a n d o ut p ut  si g n al m a ni p ul ati o n.

SI M U L A TI O N  O F  A R C HI T E C T U R E

I n o r d e r  t o s h o w t h at t h e a r c hit e ct u r e i s f u n cti o n all y c o r r e ct, a si m ul ati o n at t h e 

f u n cti o n al l e v el w a s  p e rf o r m e d  wit h  a  p r o g r a m  w ritt e n  i n F o rt r a n  7 7 ( s e e a p p e n di x  C 2).  

F o r  si m pli cit y, t h e a r c hit e ct u r e w a s  c o n st r ai n e d t o s e v e nt h o r d e r U E W D F  r e ali z ati o n s  

o nl y.

I n t h e si m ul ati o n m o d el  u s e d  h e r e,  all  r e gi st e r s s h o w n i n fi g u r e 4. 9  a r e r e p r e s e nt e d  

wit h  r e al v a ri a bl e s.  T hi s  i n cl u d e s all st a c k s, pi p eli n e  r e gi st e r s, i n p ut / o ut p ut r e gi st e r s a n d  

c o effi ci e nt R A M.

T h e  c o nt r ol s y st e m m o d el  u s e d  i s b a s e d  o n  s hift r e gi st e r s a n d all c o nt r ol a n d cl o c k  

si g n al s a r e  r e p r e s e nt e d wit h  b o ol e a n  v a ri a bl e s.  T h e  c o nt r ol s hift r e gi st e r s a r e  r e p r e s e nt e d  

wit h  b o ol e a n  a r r a y s. I n a r e al s y st e m, s hift r e gi st e r s m a y  b e  e m pl o y e d  t o i m pl e m e nt t h e 

c o nt r ol  s y st e m. H o w e v e r,  h e r e  w e  a r e  o nl y  c o n c e r n e d  wit h  p r o vi n g  t h at t h e a r c hit e ct u r e  i s 

f u n cti o n all y c o r r e ct.
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In the program, the subroutine INIT resets all the registers and signal values. The 

subroutine SIGNAL provides the value of the input (SIG in figure 4.10a) and the signal 

ready signal (SIGCLK in figure 4.10a). The subroutine PAR performs a parallel load on 

the control shift registers which are used to generate the control signals. The exact 

manner in which this is done can be seen from the program. The subroutine DATPTH 

implements the shift function for the stacks, pipeline registers, input/output registers and 

coefficient RAM. Similarly, the subroutines FRM, MCON1 and MCON2 implement the 

shift functions for the control shift registers.

The manner in which the system operation is simulated can be seen from the 

executive routine. Note that the clock and control signals are derived from the system 

clock signal (CLK1 in program) and are the same as those shown in figures 4.10a and 

4.10b. The simulation is carried out over 700 sampling intervals (this value is arbitrary) 

and the response to the input signal is reported.

For the coefficient values shown in the program, the impulse response of the system 

was obtained by simulation and, with the aid of an FFT routine, the frequency response 

was evaluated. This is shown in figure 4.11 and it can be seen that the system implements 

a low pass filter as expected.
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4.6 VLSI IMPLEMENTATION ASPECTS

The architecture may be implemented with a full custom design. If we choose to 

implement the subsystems with the logic circuits discussed in chapter 3, then for a system 

with a 20 bit signal, 8 bit coefficients and a maximum filter order of 15, it is estimated 

that the gate count would be approximately 12,000 gates. Since gate counts of 100,000 

gates are possible on a single VLSI chip, it is clear that the architecture presented would 

be useful for implementing digital filtering functions in VLSI systems. For higher 

sampling rates, a number of cells (where a cell is an implementation of the architecture of 

figure 4.9) may be used in cascade. If low sampling rates are required, then the gate 

count may be reduced by employing bit-serial techniques.

An important point to note in the architecture is the absence of bidirectional and 

multiplexed busses. This is a desirable feature from the IC implementation viewpoint 

because of the complexity in design of such systems.

In practice, a dynamic MOS technology would be a suitable choice because the 

system is clock driven. This would reduce the complexity of the registers. However, in the 

interests of speed, more complex systems for multipliers and adders/subtractors than 

those referred to would be used in practice.

The above design may be used as a macrocell in a standard cell system. One 

macrocell may then be used for implementing a fully multiplexed UEWDF and multiple 

cells may be cascaded to implement UEWDFs with higher sampling frequencies.

In the architecture of figure 4.9, the positions of the pipeline registers have been 

arbitrarily chosen Since the multiplier is the most complex element, the delay through it 

will determine the system clock frequency. In practice, it may be better to pipeline the 

multiplier as well or alternatively to use the shift add technique and separate the stages 

with pipeline registers. For example, we may choose to implement a multiplier with 8 bit 

coefficients as four sets of pairs of adders separated by pipeline registers. The maximum 

sampling frequency possible is limited by the system clock frequency divided by 2 * (filter 

order + number of pipeline registers +2). Therefore, in practice we would choose the 

pipelining scheme that gives us the best sampling frequency.
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4.7 DISCUSSION AND CONCLUSIONS

An important part of practical digital filter design is finite wordlength design. It is well 

known that a combination of analytic and optimization techniques or purely optimization 

techniques may be used to achieve this.

In this chapter, a number of properties of UEWDFs have been identified through 

experimentation and study of other researchers’ work. Based on these properties, an 

alternative method for the finite wordlength design of UEWDFs employing a heuristic 

approach has been presented. An example to show that the technique works in practice 

has been given. Improvements to the program presented are possible by designing more 

efficient code.

This technique may be used to improve the efficiency of finite wordlength programs 

for UEWDFs which employ other methods. Optimization methods may also be combined 

with the above technique to improve its efficiency.

An architecture which exploits the inherent parallelism of the UEWDF in multiplexed 

systems has been described. The novel feature of this architecture is that the two port 

adaptor is pipelined in order to improve maximum sampling rates. A functional level 

simulation of the architecture has been given in order to show that it is conceptually 

correct.

VLSI implementation aspects have also been considered. It has been shown that 

approximately 12,000 gates are required for a fifteenth order system with 8 bit 

coefficients and 20 bit signals. This architecture may be implemented as a macrocell in a 

standard cell system allowing single cell implementation of a particular UEWDF or the use 

of a number of cascaded cells to implement the same UEWDF at a higher sampling rate. 

If sampling rate requirements permit, bit-serial techniques may be employed to reduce 

the gate count.
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FIGURE 4.1 : TWO PORT NETWORK COMPRISING COMMENSURATE

LENGTH TRANSMISSION LINE

FIGURE 4.2 : CASCADED TRANSMISSION LINE FILTER
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FIGURE 4.4 : CASCADED UNIT ELEMENTS NDF
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FOR ALL UEWDFS ABOVE : 
PASSBAND RIPPLE - 0.5 DB 
TRANSITION WIDTH - 0.05 Fs 
STOPBAND LOSS - 60DB

pguj;

£ PRAGTiOK OP SAflpUM<5 

FR.EQu£HGy)

FIGURE 4.5 : TYPICAL COEFFICIENT CURVES FOR CASCADED UNIT ELEMENTS WDFS
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FIGURE 4.7a : TWO PORT ADAPTOR

FIGURE 4.7b

FIGURE 4.7c

FIGURE 4.7d

FIGURES 4.7b 4.7c 4.7d :

EQUIVALENT CASCADED UNIT ELEMENTS WDF STRUCTURES
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FIGURE 4.8b : CASCADED UNIT ELEMENTS WDF
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CHAPTER FIVE

LATTICE WAVE DIGITAL FILTERS

5.1 INTRODUCTION

In this chapter, lattice WDFs based on three port circulators and cascaded unit 

elements are considered.

Lattice WDFs based on three port circulators [76] have been discussed in chapters 2 

and 3. In chapter 2 it was shown that this structure has good finite wordlength properties 

and in chapter 3 it was shown that it has low hardware complexity relative to other 

structures. Furthermore, closed form formulas for the design of most types of filters with 

this structure are known [76]. All these factors make it a good structure for VLSI 

implementation.

Architectures for the above WDF are considered. A simple modification to the basic 

structure is proposed which improves the sampling frequency for direct implementations 

and allows pipelining for multiplexed schemes. It is shown that the basic multiplexed 

substructure can be pipelined in such a way that the pipeline registers also perform the 

functions of the delays.

The structure of the lattice WDF based on cascaded unit elements also comprises 

only two port adaptors. This makes it an attractive structure from the implementation 

viewpoint.

A design program for Butterworth and Chebyshev filters based on this structure is 

given. Architectures for the cascaded unit elements WDF have been studied in chapter 4. 

It is shown that these may be used to implement lattice WDFs with little or no 

modifications.

The design of lattice WDFs based on passive circuits in which the lattice reactances 

are realized with LC ladder networks with inserted unit elements is discussed. A design 
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program is given in which the LC networks are synthesized as Cauer form I [77] networks 

and the unit elements are inserted using Kuroda’s transforms [59]
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5. 2  T H E O R E TI C A L  A S P E C T S

A n  a n al o g u e l atti c e filt e r b et w e e n  r e si sti v e t e r mi n ati o n s [ 2] i s s h o w n i n fi g u r e 5. 1.  

F o r e q ui-t e r mi n at e d l o s sl e s s filt e r s, R 1 = R 2 = R  a n d t h e i m p e d a n c e s Z a a n d Z b a r e  

r e a ct a n c e s. T hi s  t y p e of  n et w o r k  i s al s o k n o w n a s a s y m m et ri c n et w o r k  b e c a u s e  t h e 

el e ct ri c al  b e h a vi o u r  i s u n aff e ct e d  w h e n  t h e t w o p o rt s  a r e i nt e r c h a n g e d.

T h e  n u m b e r  of  c o m p o n e nt s r e q ui r e d t o i m pl e m e nt t hi s filt e r i s t wi c e t h e t h e o r eti c al 

mi ni m u m  r e q ui r e d t o i m pl e m e nt a  p a rti c ul a r  t r a n sf e r f u n cti o n [ 2]. T hi s  p r o bl e m  h a s  b e e n  

r e s ol v e d b y d efi ni n g e q ui v al e nt u n b al a n c e d f o r m s [ 2, 7 8] w hi c h  r e q ui r e f e w e r 

c o m p o n e nt s. A n  u n b al a n c e d  e q ui v al e nt  of  t h e s y m m et ri c l atti c e i s s h o w n i n fi g u r e 5. 2.

T h e  d e ri v ati o n  of  t h e w a v e  fl o w di a g r a m  c o r r e s p o n di n g t o fi g u r e 5. 2  i s gi v e n i n 

r ef e r e n c e [ 4 5] a n d  i s s h o w n i n fi g u r e 5. 3.  H e r e  S a  a n d  S b  a r e  t h e r efl e ct a n c e s ( r efl e cti o n 

c o effi ci e nt s) of  t h e r e a ct a n c e s Z a  a n d Z b;

S a  = ( Z a- R o) I ( Z a + R o) ( 5. 1)

S b = ( Z b- R o) /( Z b + R o)

T h e  w a v e  fl o w di a g r a m  of  fi g u r e 5. 3  c a n b e  si m plifi e d b y  r e m o vi n g t h e i n p ut A 2  a n d  

t h e o ut p ut  Bl  si n c e t h e s e a r e  n ot  n o r m all y  r e q ui r e d. T h e  r e s ulti n g w a v e  fl o w di a g r a m  i s 

s h o w n i n fi g u r e 5. 4.

T h e  fi r st st e p i n t h e d e si g n  p r o c e s s f o r l atti c e W D F s  i s t o e v al u at e t h e l atti c e 

r e a ct a n c e s  Z a  a n d  Z b  f o r a  gi v e n  t r a n sf e r f u n cti o n. T h e  n e xt  st e p i n v ol v e s t h e s y nt h e si s of  

t h e l atti c e r e a ct a n c e s wit h  p a s si v e  n et w o r k s  i n cl u di n g L C  l a d d e r n et w o r k s,  c a s c a d e d  u nit  

el e m e nt s, c h ai n of  ci r c ul at o r s et c [ 4 5]. T h e  di git al  r e ali z ati o n s of  Z a  a n d Z b  a r e t h e n 

o bt ai n e d  b y  u si n g  t h e t e c h ni q u e s of  F ett w ei s  a n d  t a k e t h e pl a c e  of  S a a n d S b  i n fi g u r e 

5. 4.

T h e  c o m pl e xit y of  t h e l atti c e W D F  i s d e p e n d e nt  o n  t h e t y p e of  n et w o r k  u s e d  t o 

r e ali z e t h e l atti c e r e a ct a n c e s. F r o m  t hi s vi e w p oi nt, t h e si m pl e st l atti c e W D F s  a r e t h o s e 

d e ri v e d  f r o m r ef e r e n c e filt e r s b a s e d  o n ci r c ul at o r s a n d c a s c a d e d u nit  el e m e nt s. T h e  

r e s ulti n g W D F s  r e q ui r e o nl y  t w o p o rt  a d a pt o r s.
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5. 3 L A T TI C E  W D Fs  B A S E D  O N  FI R S T  A N D  S E C O N D O R D E R

A L L- P A S S  S E C TI O N S

T h e  r efl e ct a n c e of  a  r e a ct a n c e i s a n  all- p a s s  f u n cti o n. T h e r ef o r e,  r e ali zi n g r e a ct a n c e s  

o r  all- p a s s  f u n cti o n s a m o u nt s  t o t h e s a m e t hi n g. M at h e m ati c all y,  t h e si m pl e st m et h o d  of  

r e ali zi n g r e a ct a n c e s wit h  all- p a s s  s e cti o n s i s t h e c h ai n c o n n e cti o n of  all- p a s s s e cti o n s of  

d e g r e e  1 a n d 2.  S u c h  s e cti o n s c a n b e  o bt ai n e d  b y  m e a n s  of  t h r e e p o rt  ci r c ul at o r s [ 7 9] 

t e r mi n at e d at o n e p o rt  b y  a c a p a cit a n c e o r a n i n d u ct a n c e o r b y a p a r all el  o r s e ri e s  

r e s o n a nt ci r c uit. Ci r c ul at o r s  t e r mi n at e d wit h  a c a p a cit a n c e a n d  p a r all el  r e s o n a nt ci r c uit  

a r e s h o w n i n fi g u r e s 5. 5 a  a n d 5. 5 b.  T h e  c o r r e s p o n di n g W D F  r e ali z ati o n s a r e s h o w n i n 

fi g u r e s 5. 5 c  a n d  5. 5 d.  All- p a s s  s e cti o n s c o r r e s p o n di n g  t o ci r c ul at o r s t e r mi n at e d wit h  a n  

i n d u ct a n c e o r  s e ri e s r e s o n a nt ci r c uit will  b e  t h e s a m e a s fi g u r e s 5. 5 c  a n d  5. 5 d  e x c e pt  f o r 

p o s si bl e  si g n i n v e r si o n s [ 4 5].

T h e  l atti c e r e a ct a n c e s Z a  a n d Z b  m a y  b e  r e ali z e d wit h  a c h ai n of  ci r c ul at o r s a s  

di s c u s s e d  a b o v e. T h e  r e s ulti n g W D F  e q ui v al e nt s of  r efl e ct a n c e s S a a n d S b ( s e e fi g u r e 

5. 4) a r e t h e n c h ai n c o n n e cti o n s of  fi r st a n d s e c o n d o r d e r all- p a s s s e cti o n s. A  t y pi c al 

l atti c e W D F  d e ri v e d  i n t hi s m a n n e r  i s s h o w n i n fi g u r e 5. 6.

E x pli cit  f o r m ul a s f o r d e si g ni n g  m o st  t y p e s (f r o m t h e f r e q u e n c y r e s p o n s e vi e w p oi nt)  of  

l atti c e W D F s  b a s e d  o n  t h e st r u ct u r e of  fi g u r e 5. 6  h a v e  b e e n  r e p o rt e d b y  G a z si  [ 7 6]. T hi s  

eli mi n at e s t h e n e e d  f o r a n al o g u e r ef e r e n c e filt e r d e si g n. T h e  l atti c e W D F  st r u ct u r e  

st u di e d i n c h a pt e r s 2  a n d  3  i s t h at of  fi g u r e 5. 6.  D e si g n s  f o r t h e v a ri o u s  t ol e r a n c e s c h e m e s  

i n c h a pt e r 2  w e r e  c a r ri e d o ut  u si n g  G a z si ’s f o r m ul a s.

It w a s  s h o w n i n c h a pt e r s 2 a n d 3 t h at t h e l atti c e W D F  h a s  g o o d fi nit e w o r dl e n gt h  

p r o p e rti e s  a n d  i s o n e  of  t h e b e st  st r u ct u r e s f r o m t h e h a r d w a r e  c o m pl e xit y  vi e w p oi nt.  T h e  

ai m i n t h e r e m ai n d e r of t hi s s e cti o n i s t o e x pl o r e a r c hit e ct u r e s f o r t h e h a r d w a r e  

i m pl e m e nt ati o n of  t h e st r u ct u r e of  fi g u r e 5. 6.

5. 3. 1  A R C HI T E C T U R E S

Cl e a rl y,  w e  m a y  c h o o s e a di r e ct  i m pl e m e nt ati o n t e c h ni q u e f o r t h e st r u ct u r e. I n t hi s 

c a s e, t h e c riti c al p at h a n d t h e r ef o r e t h e m a xi m u m  s a m pli n g f r e q u e n c y p o s si bl e, i s 
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d e p e n d e nt  o n  t h e filt e r o r d e r.  W e  c a n i m p r o v e t hi s b y  si m pl y i n cl u di n g a d diti o n al  d el a y s  

a s  s h o w n i n fi g u r e 5. 7.  It i s o b vi o u s  t h at t h e t r a n sf e r f u n cti o n of  t h e st r u ct u r e will  r e m ai n  

u n aff e ct e d  e x c e pt  f o r a c o n st a nt d el a y  w hi c h  i s d e p e n d e nt  o n  t h e a d diti o n al  d el a y s.  N ot e  

t h at t h e n u m b e r of  d el a y s i n t h e t w o a r m s m u st  b e e q u al. T h e  m a xi m u m  s a m pli n g  

f r e q u e n c y p o s si bl e wit h  t hi s m o difi e d  st r u ct u r e i s li mit e d b y t h e d el a y t h r o u g h t w o 

a d a pt o r s a n d  i s i n d e p e n d e nt of  t h e filt e r o r d e r.

C o n si d e r  t h e g e n e r al st r u ct u r e f o r a l atti c e a r m s h o w n i n fi g u r e 5. 8.  T hi s  m a y  b e  

i m pl e m e nt e d wit h  a m ulti pl e x e d  s e cti o n c o m p ri si n g t h e s u b st r u ct u r e s h o w n i n t h e d ott e d  

a r e a.  If A, B, C  r e p r e s e nt t h e si g n al v al u e s  at  v a ri o u s  p oi nt s  i n t h e n et w o r k  at  a  gi v e n  ti m e, 

t h e n t h e c o m p ut ati o n al p r o c e s s  f o r t h e m ulti pl e x e d  s y st e m m a y  b e  d e s c ri b e d  a s f oll o w s:

cl o c k c y cl e 1 : us e (i n p ut, Bl, C 1) t o e v al u at e ( A 2, B 1 ’ , C 1’)

cl o c k c y cl e 2 : us e ( A 2, B 2, C 2) t o e v al u at e ( A 3, B 2’, C 2’)

cl o c k c y cl e 3 : us e ( A 3, B 3, C 3) t o e v al u at e ( A 4, B 3’, C 3’)

cl o c k c y cl e m  : us e ( A m, B m, C m) t o e v al u at e ( o ut p ut,  B m ’, C m ’)

T h e  p ri m e s  r e p r e s e nt c o r r e s p o n di n g si g n al v al u e s o n e  s a m pli n g i nt e r v al l at e r. T h e  

i m p o rt a nt p oi nt  t o n ot e  h e r e  i s t h at o n c e  t h e r e q ui r e d v al u e s of  t h e si g n al s h a v e  b e e n  

e v al u at e d, t h e i niti al v al u e s m a y  b e di s c a r d e d.  T h e r ef o r e,  n o  i nt e r m e di at e st o r a g e i s 

r e q ui r e d f o r t h e v al u e s B  a n d C.

A n  a r c hit e ct u r e  b a s e d  o n  t h e a b o v e  s c h e m e i s s h o w n i n fi g u r e 5. 9.  D et ail  of  t h e t w o 

p o rt a d a pt o r a r c hit e ct u r e h a s b e e n o mitt e d, b ut a n y s uit a bl e a r c hit e ct u r e m a y  b e  

e m pl o y e d.

A s s u m e  t h at i niti all y Bl  r e si d e s i n r e gi st e r 1 of  st a c k B  a n d  all  B  a n d  C  v al u e s  r e si d e  

i n c o r r e s p o n di n g r e gi st e r s i n t hi s m a n n e r.  D u ri n g  t h e fi r st cl o c k c y cl e, t h e m ulti pl e x e r  

s el e ct s t h e i n p ut a n d  at  t h e e n d  of  cl o c k c y cl e 1,  t h e v al u e s  Bl ’ a n d  Cl ’ a r e  cl o c k e d  i nt o 

r e gi st e r s m  i n t h e st a c k s. At  t h e s a m e ti m e, t h e v al u e s  Bl  a n d  Cl  a r e di s c a r d e d  a n d  t h e 

v al u e  A 2  i s l o a d e d i nt o r e gi st e r A.  D u ri n g  cl o c k c y cl e 2,  t h e m ulti pl e x e r  s el e ct s t h e o ut p ut  
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of  r e gi st e r A  a n d  at  t h e e n d  of  t hi s cl o c k c y cl e, t h e v al u e s  A 3,  B 2 ’ a n d  C 2 ’ a r e  cl o c k e d  

i nt o t h e a p p r o p ri at e  r e gi st e r s. Cl e a rl y,  m  cl o c k  c y cl e s a r e  r e q ui r e d t o e v al u at e  t h e o ut p ut  

a n d  t h e cl o c k f r e q u e n c y i s li mit e d b y  t h e d el a y  t h r o u g h t w o a d a pt o r s. N ot e  t h at at  t hi s 

p oi nt,  all B  a n d  C  v al u e s  a r e i n t h e c o r r e ct r e gi st e r s f o r t h e n e xt  s a m pli n g i nt e r v al.

T h e  a r c hit e ct u r e m a y  b e  u s e d  t o i m pl e m e nt e a c h of  t h e l atti c e a r m s of  fi g u r e 5. 6.  

Alt e r n ati v el y,  w e  m a y  u s e  a  si n gl e a r c hit e ct u r e  t o i m pl e m e nt t h e t w o l atti c e a r m s  i n a  ti m e 

m ulti pl e x e d  f a s hi o n. T h e  a d diti o n of t w o o ut p ut r e gi st e r s a n d a s u bt r a ct o r t o t h e 

a r c hit e ct u r e will  all o w  t h e i m pl e m e nt ati o n of  t h e c o m pl et e filt e r.

T h e  m a xi m u m  s a m pli n g f r e q u e n c y p o s si bl e  i s gi v e n  b y  t h e cl o c k  f r e q u e n c y di vi d e d  b y  

h alf  t h e filt e r o r d e r  ( n e a r e st w h ol e  n u m b e r) . T h e  cl o c k f r e q u e n c y i s li mit e d b y  t h e d el a y  

t h r o u g h t w o a d a pt o r s.

T h e  g e n e r al  st r u ct u r e f o r t h e m o difi e d  l atti c e a r m  i s s h o w n i n fi g u r e 5. 1 0.  A s  b ef o r e,  

t h e c o m p ut ati o n al  p r o c e s s  f o r t h e m ulti pl e x e d  s y st e m m a y  b e  d e s c ri b e d  a s f oll o w s :

1 :cl o c k c y cl e us e ( Al  , B 1 , C 1) t o e v al u at e ( Al’, Bl’, Cl ’)

cl o c k c y cl e us e ( A 2, B 2, C 2) t o e v al u at e ( A 2', B 2’, C 2’)

cl o c k c y cl e us e ( A 3, B 3, C 3) t o e v al u at e ( A 3’, B 3’, C 3’)

2 :

3 :

cl o c k c y cl e m  : us e ( A m, B m, C m) t o e v al u at e ( A m’, B m’, C m’)

D u ri n g  t h e n e xt s a m pli n g i nt e r v al, Bl ’, B 2’.. B m’ b e c o m e Bl, B 2... B m  a n d

Cl ’, C 2’.. C m’ b e c o m e  Cl,  C 2  .. C m. H o w e v e r,  Al ’ b e c o m e s  A 2,  A 2 ’ b e c o m e s  A 3  a n d  s o

o n.

A n  a r c hit e ct u r e f o r t h e m o difi e d  l atti c e a r m i s s h o w n i n fi g u r e 5. 1 1.  N ot e  t h at t h e 

m ai n  diff e r e n c e  b et w e e n  t hi s a n d  t h e a r c hit e ct u r e of  fi g u r e 5. 9  i s t h e r e gi st e r st a c k A.  

Al s o  n ot e  t h at t hi s c o nt ai n s o n e  m o r e  r e gi st e r t h a n st a c k s B  a n d  C.  T h e  p u r p o s e  of  t hi s i s 

t o a c hi e v e  t h e s k e w i n t h e A  v al u e s  di s c u s s e d  b ef o r e.  A g ai n,  m  cl o c k  c y cl e s a r e  r e q ui r e d  

t o e v al u at e t h e o ut p ut a n d t h e cl o c k f r e q u e n c y i s li mit e d b y  t h e d el a y t h r o u g h t w o 

a d a pt o r s.

Cl e a rl y,  t hi s s c h e m e h a s  n o  a d v a nt a g e  c o m p a r e d wit h  t h e p r e vi o u s  o n e.  I n f a ct, it i s 

i nf e ri o r b e c a u s e  of  t h e a d diti o n al h a r d w a r e  r e q ui r e d. H o w e v e r,  n ot e  t h at f o r a di r e ct  
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implementation of the structure of figure 5.10, the sections would operate in parallel. We 

can exploit this property by pipelining the multiplexed section and thereby improve speed 

performance.

As an example, consider the pipelined substructure shown in figure 5.12. The 

positions of the pipeline registers are shown marked with crosses. This substructure may 

be used as the basic section of a multiplexed system realizing a tenth order modified 

lattice arm as shown in figure 5.13. It is important to note that the functions of register 

stacks A,B and C (with the exception of one register in stack A) are now performed by 

the pipeline registers. Also note that the hardware requirement is only slightly greater (two 

registers more) than an equivalent realization with the architecture of figure 5.11.

During the first clock cycle, the first stage of the pipelined substructure will operate 

on the first section and at the end of the cycle, the appropriate results will be clocked into 

registers PIPE1 (figure 5.13). We may describe the operation of the system in these 

terms. This is shown for the first 15 clock cycles in table 5.1. Here, the results at the end 

of each clock cycle in the pipeline registers are shown. The first number indicates the 

section being operated on and the second number indicates the relevant input sample, 

e.g. 5.1 means the results of section 5 operating on input sample 1. Clearly, one input 

sample value can be processed every 5 clock cycles. Therefore, the sampling frequency 

equals 5 clock cycles and the clock frequency is limited by the pipeline processes. Since 

this clock frequency will be significantly higher than in the previous cases, the pipelined 

system will give us a significantly better speed performance.

The fact that the registers representing the delays can be effectively used to pipeline 

the basic section as discussed above is important. It means that for a system of order 2n, 

the section may be split up into n pipeline stages. If we assume ideal shift registers (zero 

set and hold times) and similar pipeline stages, then it is clear that the sampling frequency 

will be independent of n.

Therefore, for a general purpose system, n should be kept as high as possible thereby 

offering a wide range of filter orders. Lower orders are obtained by simply setting the 

redundant coefficient values to zero.
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The above system may be used as a basis to realize a complete lattice WDF in the 

same way as discussed previously. It should be clear that this system will give a 

significantly better speed performance particularly for higher orders.
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5. 4 L A T TI C E  W D Fs  B A S E D  O N  C A S C A D E D  U NI T  E L E M E N T S

A c c o r di n g  t o Ri c h a r d s  [ 5 8], a n y  d ri vi n g  p oi nt  r e a ct a n c e f u n cti o n c a n  b e  r e ali z e d wit h  

a c a s c a d e of  u nit  el e m e nt s. T h e r ef o r e,  t h e l atti c e r e a ct a n c e s Z a  a n d  Z b  (fi g u r e 5. 1)  m a y  

b e  r e ali z e d wit h  a c a s c a d e of  u nit  el e m e nt s. T h e  a d v a nt a g e of  t hi s i s t h at e a c h of  t h e 

l atti c e a r m s of  t h e W D F  i s t h e n a c a s c a d e c o n n e cti o n of  t w o p o rt  a d a pt o r s.

5. 4. 1  D E SI G N  A S P E C T S

S Y N T H E SI S  O F  R E A C T A N C E  F U N C TI O N S  WI T H  C A S C A D E D  U NI T  E L E M E N T S

S h o rt  a n d o p e n  ci r c uit e d t r a n s mi s si o n li n e s b e h a v e  li k e i n d u ct o r s a n d c a p a cit o r s i n

t h e Ri c h a r d s  c o m pl e x  f r e q u e n c y d o m ai n,  S.  T h e r ef o r e,  a n y  r e a ct a n c e f u n cti o n w hi c h  c a n

b e  s y nt h e si z e d wit h  i n d u ct o r s a n d c a p a cit o r s i n t h e s d o m ai n  c a n b e  s y nt h e si z e d i n a

si mil a r m a n n e r  i n t h e S d o m ai n.

M o r e  i m p o rt a ntl y, a n y  r e a ct a n c e f u n cti o n i n t h e S d o m ai n  c a n b e  s y nt h e si z e d wit h  a

c a s c a d e of  u nit  el e m e nt s. T h e  b a si s  of  t hi s i s Ri c h a r d s ’ t h e o r e m [ 2, 5 8]:

If Z( S)  i s a  p o siti v e  r e al f u n cti o n a n d  Z( S) / Z( 1)  i s n ot  i d e nti c all y e q u al  t o S o r  1 / S,

t h e n

Z ’( 5) =
( Z( S)- S. Z(l))

( 5. 2)

( Z(l)- S. Z( S))

i s al s o a p o siti v e  r e al f u n cti o n. F u rt h e r, if Z( S)  i s r ati o n al i n S, t h e n a f a ct o r S-l

c a n c el s i n t h e n u m e r at o r  a n d d e n o mi n at o r  of  t h e a b o v e e x p r e s si o n, a n d Z ’( S) i s t h e

s a m e d e g r e e a s Z( S). If Z(l) + Z(-l) = 0  a s w ell,  a s e c o n d f a ct o r S +l c a n c el s i n t h e

n u m e r at o r  a n d d e n o mi n at o r,  a n d Z ’( S) i s of  l o w e r d e g r e e  t h a n Z( S).

It f oll o w s f r o m t hi s t h at if Z( S) i s a p o siti v e r e al i m p e d a n c e f u n cti o n s ati sf yi n g

Z( S) / Z( 1)  i s n ot  e q u al  t o S o r 1 / S,  t h e n a u nit  el e m e nt of  v al u e Z(l)  m a y  al w a y s b e

e xt r a ct e d  f r o m Z( S),  l e a vi n g a p o siti v e  r e al i m p e d a n c e Z ’( S) i n c a s c a d e wit h  t h e u nit

el e m e nt. T h e  v al u e of  Z ’( S) i s :
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Z ’( S) =
(( Z( S)- S. Z( 1)) Z( 1))

( 5- 3)

( Z(l)- S. Z( S))

T h e  i m p e d a n c e Z ’( S) i s al s o  p o siti v e  r e al a n d  of  d e g r e e  e q u al  t o Z( S)  if Z(l) + Z(- 1)  

i s n ot  e q u al  t o z e r o. It i s of  d e g r e e  o n e  l e s s t h a n Z( S)  if Z(l) + Z(-l) = 0.  T hi s  p r o c e d u r e  i s 

ill u st r at e d s c h e m ati c all y i n fi g u r e 5. 1 4 a n d m a y  b e u s e d t o s y nt h e si z e a n a r bit r a r y  

r e a ct a n c e f u n cti o n wit h  a  c a s c a d e of  u nit  el e m e nt s  t e r mi n at e d i n a n  o p e n  o r  s h o rt ci r c uit  

( if Z ’( S) = S t h e n s h o rt ci r c uit a n d  if Z ’( S) = 1 / S t h e n o p e n  ci r c uit).

D E SI G N  P R O G R A M

A  p r o g r a m  f o r t h e d e si g n  of  l atti c e W D F s  b a s e d  o n  c a s c a d e d u nit  el e m e nt s  h a s  b e e n  

w ritt e n  a n d  i s s h o w n i n a p p e n di x  DI.

T h e  p r o g r a m  e s s e nti all y  p e rf o r m s  t h e f oll o wi n g f u n cti o n s:

( a) u s e s  c o n v e nti o n al  t e c h ni q u e s t o d e ri v e  t r a n sf e r f u n cti o n s b a s e d  o n  C h e b y s h e v  

a n d  B utt e r w o rt h  a p p r o xi m ati o n s.

( b) d e ri v e s  l atti c e r e a ct a n c e s Z a  a n d Z b (fi g u r e 5. 1) f o r t h e t r a n sf e r f u n cti o n 

o bt ai n e d  i n ( a) u si n g  t e c h ni q u e s d e s c ri b e d  i n r ef e r e n c e [ 2].

( c) s y nt h e si z e s t h e l atti c e r e a ct a n c e s wit h  c a s c a d e d u nit el e m e nt s u si n g t h e 

t e c h ni q u e s di s c u s s e d  a b o v e.

( d) d e ri v e s  a di git al  st r u ct u r e f r o m t h e a n al o g u e  l atti c e filt e r u si n g  t h e t e c h ni q u e s 

of  F ett w ei s [ 4 5].

A n  e x a m pl e of  a W D F  d e si g n e d  wit h  t hi s p r o g r a m  will  b e  gi v e n i n c h a pt e r 7.

5. 4. 2  A R C HI T E C T U R E S

T h e  st r u ct u r e f o r a l atti c e W D F  b a s e d  o n  c a s c a d e d u nit  el e m e nt s  i s s h o w n i n fi g u r e 

5. 1 5.  It i s cl e a r  t h at f o r a  di r e ct  i m pl e m e nt ati o n of  t hi s st r u ct u r e, t h e m a xi m u m  s a m pli n g  

f r e q u e n c y p o s si bl e  i s li mit e d b y  t h e d el a y  t h r o u g h t w o a d a pt o r s, a s u bt r a ct o r a n d a 0. 5  
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multiplier. This can be improved by adding a delay at the output of each lattice arm. The 

maximum sampling frequency is then limited by the delay through two adaptors.

Architectures for cascaded unit elements WDFs have been discussed in chapter 4. 

With slight modifications, any of these may be used to implement each of the lattice arms. 

Consider the cascaded unit elements WDF structure of figure 5.16. This may be used to 

realize a kth order (where k is less than or equal to n) lattice arm in the following 

manner:

The input is applied at input 1, input 2 is set to zero and the output is taken from 

output 2. All coefficients corresponding to the two port adaptors k+2 to n+1 are set to 

zero. The coefficient corresponding to the k+1 adaptor is set to 1 if the kth unit element 

in the lattice arm is short circuited, and to -1 if it is open circuited.

Therefore, any programmable architecture for the cascaded unit elements WDF 

which gives access to all four inputs and outputs can be used to realize a lattice arm. The 

architecture discussed in chapter 4 may be used to realize a lattice arm. The sampling 

frequency with this architecture will equal (2k+8) clock cycles where the clock frequency 

is limited by the pipeline processes (see chapter 4).

Two such architectures can be used with the addition of a subtractor to realize the 

complete lattice WDF. The 0.5 multiplier is simply a shift to the right of one bit. It is also 

possible to realize the two lattice arms in a time multiplexed fashion. Therefore, a single 

multiplexed two port adaptor may be used to realize the complete lattice WDF. The 

important point to note is that very little additional control will be required compared with 

parallel implementation of the two lattice arms.
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5.5 LATTICE WDFs BASED ON LC NETWORKS

A driving point reactance function can be realized with a variety of LC networks 

[78]. One method of synthesis is due to Cauer and is used to synthesize a reactance 

function with an LC network of the type shown in figure 5.17a. This method of synthesis 

is generally referred to as Cauer form 1 [77].

A wave digital network derived from the network of figure 5.17a results in a cascade 

connection of three port parallel and series adaptors which appear alternately in the 

cascade as shown in figure 5.17b [45]. This digital network is not suitable for hardware 

implementation because of the long critical path (see chapter 3 for definition of critical 

path) and because it is not multiplexable. These problems can be overcome by inserting 

unit elements into the LC ladder using Kuroda’s transforms [59].

The Kuroda transform is illustrated in figure 5.18. Effectively, this allows us to insert 

unit elements at the required positions in the LC one port without affecting the reactance 

function. The manner in which this is achieved is as follows. A unit element of 

characteristic impedance one ohm is placed at the input of the one port network and 

shifted to the required location by repeated application of Kuroda’s transforms. This 

procedure is repeated for the required number of unit elements. For a more detailed 

discussion of Kuroda’s transform, see reference [59].

An odd order LC ladder after insertion of unit elements is shown in figure 5.19a. 

Note that application of Kuroda’s transform has replaced all series inductors with shunt 

capacitors. The wave digital network corresponding to the above network is shown in 

figure 5.19b. Note that the unit elements in figure 5.19a have been placed so that all 

three port adaptors are separated by half delays and only parallel three port adaptors are 

required. It is clear from the arguments presented in chapter 3 that this network is more 

suitable for hardware implementation than the network of figure 5.17b.

An even order LC ladder after insertion of unit elements is shown in figure 5.20a. 

Note that all series inductors have been replaced with shunt capacitors. The 

corresponding wave digital network is shown in figure 5.20b.

- 147 -



Note that in this case, the last adaptor is a two port. The type of two port adaptor can 

be selected so that it can be realized with a three port adaptor implementation (this aspect 

is discussed more fully in chapter 8). Therefore, from the hardware implementation 

viewpoint, the comments for the odd order case apply.

A program for the design of lattice WDFs based on the above methods has been 

written and is shown in appendix D2. The program essentially performs the following 

functions: uses conventional techniques to derive transfer functions based on Chebyshev 

and Butterworth approximations, derives lattice reactances Za and Zb (figure 5.1) for the 

transfer function obtained in (a) using techniques described in reference [2]. synthesizes 

the lattice reactances with Cauer form 1 LC networks, inserts unit elements in the 

positions described earlier using Kuroda’s transforms, derives a digital structure from the 

analogue lattice filter using the techniques of Fettweis [45].

An example of a WDF designed with this program will be given in chapter 8.
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5.6 DISCUSSION AND CONCLUSIONS

WDFs derived from analogue lattice filters in which the lattice reactances are realized 

with first and second order all-pass sections have been considered. It has been shown 

that a simple modification to the basic structure improves the sampling frequency and 

makes it independent of the filter order. Various architectures have been discussed and 

one which uses pipelining of the basic section in a multiplexed scheme is considered 

particularly useful. The novel feature of this architecture is that pipeline registers also 

perform the functions of the delays. The limitation to this method is that the number of 

pipeline stages has to be half the order of the lattice arm in order to gain full advantage of 

the pipelining. In cases where this is not so, pipelining is still possible but the control 

functions will become much more complicated.

Lattice WDFs based on cascaded unit elements have also been considered. A design 

program for Butterworth and Chebyshev filters based on this structure has been given. It 

has been shown that the architectures employed for cascaded unit elements WDFs can 

also be used with little or. no modification to implement lattice WDFs based on cascaded 

unit elements.

Lattice WDFs based on passive networks in which the lattice reactances are realized 

with LC networks with inserted unit elements have been discussed and a design program 

for such WDFs has been presented.
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C L O C K

C Y C L E

PI P E  1 PI P E  2 PI P E  3 PI P E  4 PI P E  5

* 1 1. 1 X X X X

2 2. 1 1. 1 X X X

3 3. 1 2. 1 1. 1 X X

4 4. 1 3. 1 2. 1 1. 1 X

* 5 5. 1 4. 1 3. 1 2. 1 1. 1

6 1. 2 5. 1 4. 1 3. 1 2. 1

7 2. 2 1. 2 5. 1 4. 1 3. 1

8 3. 2 2. 2 1. 2 5. 1 4. 1

t 9 4. 2 3. 2 2. 2 1. 2 5. 1

* 1 0 5. 2 4. 2 3. 2 2. 2 1. 2

1 1 1. 3 5. 2 4. 2 3. 2 2. 2

1 2 2. 3 1. 3 5. 2 4. 2 3. 2

1 3 3. 3 2. 3 1. 3 5. 2 4. 2

t 1 4 4. 3 3. 3 2. 3 1. 3 5. 2

* 1 5 5. 3 4. 3 3. 3 2. 3 1. 3

X  : d o n ’t c a r e

* : n e w  i n p ut s a m pl e v al u e  i s f e d i nt o t h e s y st e m at  t h e st a rt of  cl o c k c y cl e  

t : o ut p ut  s a m pl e v al u e  i s a v ail a bl e  at e n d of  cl o c k c y cl e

T A B L E  5. 1  : S T A T U S O F  PI P E LI N E  R E GI S T E R S
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FIGURE 5.1 : THE SYMMETRIC LATTICE FILTER

FIGURE 5.2 : IWALANCED EQUIVALENT OF SYMMETRIC LATTICE
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FIGURE 5.3 : WAVE FLOW DIAGRAM FOR LATTICE FILTER

FIGURE 5.4 : SIMPLIFIED WAVE FLOW DIAGRAM FOR LATTICE FILTER
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FIGURE 5.5c

FIGURE 5.5d

FIGURE 5.5 : FIRST AND SECOND ORDER ALL PASS SECTIONS

BASED ON CIRCULATORS
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INPUT

FIGURE 5.6 J 11-th ORDER LATTICE WDF BASED ON CHAIN CONNECTION OF 
FIRST ANO SECOND ORDER ALL PASS SECTIONS

INPUT

FIGURE 5.7 : MODIFIED LATTICE WDF
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FIGURE 5.8 : GENERAL STRUCTURE FOR LATTICE ARM

FIGURE 5.9 : MULTIPLEXED ARCHITECTURE FOR LATTICE ARM
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FIGURE 5.14 : SYNTHESIS OF REACTANCE FUNCTION USING RICHARDS' PROCEDURE

INPUT

OUTPUT

FIGURE 5.15 : LATTICE WDF BASED ON CASCADED UNIT ELEMENTS

INPUT1

0UTPUT2

OUTPUT1

1WUT2

FIGURE 5.16 : CASCADED UNIT ELEMENTS WDF
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Z 1
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(
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FIGURE 5.19a : 000 ORDER LC LADDER WITH INSERTED UNIT ELEMENTS

FIGURE 5.19b : CORRESPONDING WAVE DIGITAL NETWORK

FIGURE 5.20a : EVEN ORDER LC LADDER WITH INSERTED UNIT ELEMENTS

FIGURE 5.20b : CORRESPONDING WAVE DIGITAL NETWORK
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CHAPTER SIX

SIMULTANEOUS PROCESSING OF TWO SIGNALS USING 
WDFs BASED ON UNIT ELEMENTS

6.1 INTRODUCTION

If a number of discrete signals are skewed with respect to each other and added, the 

composite signal formed can be resolved into its constituent signals provided the skew is a 

fraction of the sampling period. This composite signal may be used as an input to a linear 

discrete system and the output may be resolved into components which are the responses 

of the system to the individual inputs. Effectively, the discrete system operating in this 

manner processes a number of signals simultaneously. Theoretical arguments to show that 

this is the case are given in section 6.2.

It is shown in section 6.3 that the simultaneous processing property of theoretical 

discrete systems is of no use in most digital implementations of discrete systems other than 

to provide a theoretical basis for designing multiplexed systems. However, digital 

implementations of WDFs based on unit elements and lattice WDFs based on all- pass 

sections can be used to exploit this property to process two signals simultaneously.

The UEWDF structure employing half delays and its advantages from the 

implementation viewpoint have been discussed in chapter 4. It is shown in section 6.4 that 

this structure can be used to process two signals simultaneously and simulation results are 

given. In practice, the implication is that any hardware implementation of this structure 

may be used to process two signals simultaneously without any modifications (ignoring 

combination of input signals and resolution of outputs).

Lattice WDFs based on cascaded unit elements and all- pass sections have been 

discussed in chapter 5. In section 6.5, it is shown that these may be used to process two 

signals simultaneously and simulation results are given. Similar treatment is given to the 

LC ladder WDF in section 6.6.
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6. 2  T H E O R E TI C A L  A S P E C T S

A n y  li n e a r di s c r et e  s y st e m c a n  b e  u s e d  t o si m ult a n e o u sl y p r o c e s s  a  n u m b e r  of  si g n al s  

w hi c h  a r e s k e w e d b y  a f r a cti o n of  t h e s a m pli n g p e ri o d.  A  p r o of  of  t hi s i s gi v e n  b el o w.

(I) A n y  li n e a rl y s a m pl e d di s c r et e  si g n al c a n  b e  r e p r e s e nt e d i n t h e Z- d o m ai n  wit h  

t h e g e n e r al  e x p r e s si o n:

m  - k
E a k. Z

k = 0
X( Z)  =   ___________________________ ( 6. 1)

n  - k
E b k. Z  

k = 0

w h e r e  k, m,  n  a r e  i nt e g e rs.

(ii) If t h e si g n al X( Z)  i s a p pli e d t o a li n e a r di s c r et e s y st e m wit h  a t r a n sf e r 

f u n cti o n T( Z),  w h e r e:

i c k. z'‘
k = 0

T( Z)  =  ___________________________ ( 6. 2)

q  - k
E d k. Z

k = 0

w h e r e  k,  p,  q  a r e  i nt e g e rs.

t h e n it i s cl e a r t h at t h e o ut p ut  si g n al Y( z) = T( z)  . X( z) will  b e  of  t h e f o r m :

m + p  - k
T j e k. Z

k = 0
Y( Z)  =  ___________________________ ( 6. 2)

n + q  - k
E f k. Z

k = 0

w h e r e  k  c a n o nl y  t a k e o n  i nt e g e r v al u e s. It f oll o w s f r o m t hi s t h at t h e o ut p ut  

si g n al i s d efi n e d  at t s e c o n d i nt e r v al s w h e r e  t i s t h e s a m pli n g p e ri o d.

-1 /

(iii) N o w,  if t h e si g n al X( Z)  i s d el a y e d  b y  a f r a cti o n al d el a y  Z v  ( w h e r e v  i s a n  

i nt e g e r) a n d  a p pli e d  t o T( Z),  t h e n t h e o ut p ut  i s gi v e n  b y  Z  ̂V . Y( Z). T h at  i s, 

t h e o ut p ut  i s t h e si g n al Y( Z)  d el a y e d  b y  t / v s e c o n d s.
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(iv) It follows from the superposition theorem and (iii) that for a linear discrete 

system with a transfer function of the form shown in (ii), any number of 

signals which are skewed by a fractional delay (with respect to the sampling 

period) can be simultaneously processed ,i.e. a number of signals can be 

skewed, added and then used as the input signal to the discrete system. The 

output signal from the discrete system can be resolved its components by an 

appropriate demultiplexing process.

A discrete system that operates on a number of signals in this manner can be viewed 

as a number of similar time multiplexed discrete systems operating on separate signals. An 

extension of this idea would be to provide facilities for alteration of the transfer function 

coefficients at the appropriate time instants so that a number of different time multiplexed 

systems which operate on separate signals could be obtained.
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6.3 IMPLICATIONS FOR DIGITAL IMPLEMENTATIONS OF
DISCRETE SYSTEMS

In most digital implementations of discrete systems, the delay element is realized with 

a shift register. The shift registers are clocked every T seconds to realize delays of T 

seconds. It is clear that this is not a true realization of a delay since the output of the shift 

register is not a delayed version of its input but simply a sample of this every T seconds. 

Effectively, the digital system behaves like the corresponding discrete system at every 

clock cycle edge, i.e. once every T seconds. Clearly, the property discussed in section 6.2 

is of no use in such a system.

However, we may realize a delay of T seconds with a cascade of n shift registers each 

realizing a delay of T/n seconds. The clock frequency in such a case is n times the 

sampling frequency and more hardware is required in comparison with the above system. 

Effectively, the digital system behaves like the corresponding discrete system at n time 

instants during each sampling interval. Therefore, according to the simultaneous 

processing property discussed in section 6.2, we may process n signals simultaneously or , 

with appropriate provision for coefficient values, realize n different time multiplexed 

systems.

Therefore, given a direct implementation of a digital filter, we may obtain a number 

of time multiplexed filters by replacing each shift register representing a delay with a 

cascade of shift registers, increasing the clock frequency proportionally and making 

provisions for different coefficient values for each multiplier. Note that at a given time 

instant (or clock period) within a sampling period, the coefficients corresponding to one 

particular filter must be active for all the multipliers. Since each shift register has been 

replaced with a cascade of shift registers, no multiplexing at the bus level will be 

necessary. Obviously, we could have obtained this scheme without referring to the 

simultaneous processing property. However, it is theoretically more complete to arrive at 

it in this manner.

It is clear from above that when processing a number of signals simultaneously in the 

manner described, the sampling frequency is proportionally reduced. An interesting 

exception are WDFs based on unit elements. In these cases, the delays can be split up in 
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such a way that two signals can be processed simultaneously at the same sampling rate as a 

single signal. The lattice WDF based on all-pass sections can also be used in this manner.

Although the number of shift registers required in some of these cases is increased, 

the effective doubling of the processing rate (two signals are processed at the same rate as 

one signal) will obviously result in a more efficient use of the hardware. Furthermore, 

some of the WDF structures employing half delays have other advantages from the 

implementation viewpoint as discussed in chapters 4,5 and 8.
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6.4 THE CASCADED UNIT ELEMENTS WDF

6.4.1 SIMULTANEOUS PROCESSING OF TWO SIGNALS

Consider the UEWDF structure of figure 6.1a. A direct digital implementation in 

which each T/2 delay is realized with a shift register can be used to process two signals 

(skewed by T/2 seconds) simultaneously. That this is the case can be seen from the 

arguments presented in sections 6.2 and 6.3.

The WDF realization of a unit element is a delay of T seconds which may be split up 

between the upper and lower arms as discussed in chapter 4. Therefore, we may redraw 

the structure of figure 6.1a as shown in figure 6.1b. It follows that a direct digital 

implementation of this structure can also be used to process two signals simultaneously.

For direct implementations of both structures of figure 6.1, the sampling frequency is 

equal to half the clock frequency. For the implementation of figure 6.1a, the clock 

frequency is limited by the delay through two adaptors , whereas for figure 6.1b it is 

limited by the delay through one adaptor. Therefore, by employing the structure of figure 

6.1b, we may process two signals simultaneously without the penalty of lower sampling 

frequency. This structure has been studied in chapter 4. The important point to note here 

is that any hardware implementation of this structure can be used to process two signals 

simultaneously without any modifications (excluding those required to combine the input 

signals and separate the output signals). Consequently, the number of samples processed 

per second is doubled.

6.4.2 PROOF BY SIMULATION

In order to show that the UEWDF of figure 6.1b can be used to process two signals 

simultaneously, a UEWDF satisfying an arbitrary specification was simulated with a 

modified version of DIFSIP (for a description of DIFSIP see chapter 2).

The modifications made to DIFSIP are illustrated in figure 6.2. The original DIFSIP 

simulates synchronous digital networks clocked every T seconds whereas in the modified 

version, the clock period is T/2 seconds. Furthermore, the modified version simulates two 

signal generators the outputs of which are skewed by T/2 seconds and combined to form 
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t h e i n p ut t o t h e di git al  n et w o r k.  I n s oft w a r e, t hi s i s i m pl e m e nt e d b y  t w o si g n al g e n e r ati n g  

r o uti n e s w hi c h  alt e r n at el y  s u p pl y t h e i n p ut s a m pl e. T h e  o ut p ut s  a r e  si mil a rl y s e p a r at e d  b y  

a s si g ni n g  alt e r n at e s a m pl e s f r o m t h e di git al  filt e r o ut p ut  si g n al t o t h e t w o o ut p ut s.

A  s e v e nt h o r d e r  U E W D F  wit h  t h e f oll o wi n g c o effi ci e nt s  w a s  si m ul at e d wit h  t h e a b o v e  

p r o g r a m  ; al  =  - a S =  - 0. 8 3 5 5 3 9 8 4, a 2  =  - a 7 =  0. 9 7 7 6 9 0 9 4,  a 3  =  - a 6 = - 0. 9 8 5 1 4 0 0 7, 

a 4 =  - « 5 =  0. 9 8 6 0 6 6 0 1.

T h e  f r e q u e n c y r e s p o n s e s f o r b ot h i n p ut s w e r e  o bt ai n e d a n d w e r e  t h e s a m e a s  

e x p e ct e d. T h e  f r e q u e n c y r e s p o n s e ( c o effi ci e nt w o r dl e n gt h  = 1 6  bit s) f o r i n p ut 1 a n d  

o ut p ut  2  i s s h o w n i n fi g u r e 6. 3 a.

A  si n u s oi d al si g n al of  a m plit u d e 0. 0 0 1  v olt s a n d f r e q u e n c y 0. 0 5  r a di a n s p e r  s e c o n d  

w a s  a p pli e d  at  i n p ut 1 ( s e e fi g u r e 6. 2 b)  a n d  a  si mil a r si g n al of  f r e q u e n c y 0. 1  r a di a n s p e r  

s e c o n d w a s  a p pli e d at  i n p ut 2  at  t h e s a m e ti m e. T h e  r e s p o n s e t o i n p ut 1 i s o bt ai n e d  at  

o ut p ut  2  a n d  i s s h o w n i n fi g u r e 6. 3 c.  T h e  r e s p o n s e t o i n p ut 2  i s o bt ai n e d  at  o ut p ut  1 a n d  

i s s h o w n i n fi g u r e 6. 3 b.  T h e  c o effi ci e nt w o r dl e n gt h  i n b ot h  c a s e s w a s  1 6  bit s  a n d t h e 

si g n al w o r dl e n gt h  w a s  2 0  bit s.  N ot e  t h at t h e o ut p ut  si g n al s a r e  a s  e x p e ct e d.  Al s o  n ot e  t h at 

t h e i niti al di st o rti o n  i n t h e si n e w a v e s  i s d u e  t o t h e t r a n si e nt r e s p o n s e ti m e.
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6. 5  L A T TI C E  W D Fs

W e  will  c o n si d e r l atti c e W D F s  b a s e d  o n  fi r st a n d  s e c o n d o r d e r  all- p a s s s e cti o n s a n d  

t h o s e b a s e d  o n  c a s c a d e d u nit  el e m e nt s.

6. 5. 1  SI M U L T A N E O U S P R O C E S SI N G  O F  T W O  SI G N A L S

C o n si d e r  t h e l atti c e W D F  st r u ct u r e s h o w n i n fi g u r e 6. 4 a. T h e  r efl e ct a n c e of  a n  

all- p a s s  s e cti o n i s u n alt e r e d  if t h e d el a y  T  i s s plit b et w e e n  t h e u p p e r  a n d  l o w e r a r m s.  T hi s  

p r o p e rt y  h a s  b e e n  u s e d  t o d e ri v e  t h e e q ui v al e nt st r u ct u r e of  fi g u r e 6. 4 b.  N ot e  t h at t h e 

d el a y s  u s e d  t o pi p eli n e  t h e l atti c e a r m s a r e n o w  T / 2.

T h e  m a xi m u m  s a m pli n g f r e q u e n c y p o s si bl e  f o r di r e ct  di git al  i m pl e m e nt ati o n s of  b ot h  

st r u ct u r e s of  fi g u r e 6. 4  will  b e  t h e s a m e. F o r  fi g u r e 6. 4 a,  t h e s a m pli n g f r e q u e n c y i s e q u al  

t o t h e cl o c k f r e q u e n c y w hi c h  i s li mit e d b y  t h e d el a y  t h r o u g h t w o a d a pt o r s. F o r  fi g u r e 

6. 4 b,  t h e s a m pli n g f r e q u e n c y i s t wi c e t h e cl o c k f r e q u e n c y w hi c h  i s li mit e d b y  t h e d el a y  

t h r o u g h o n e  a d a pt o r. H o w e v e r,  di r e ct  di git al  i m pl e m e nt ati o n s of  fi g u r e 6. 4 b  c a n b e  u s e d  

t o p r o c e s s  t w o si g n al s si m ult a n e o u sl y. T h e  p e n alt y  f o r t hi s i s n  a d diti o n al  s hift r e gi st e r s  

w h e r e  n  i s t h e filt e r o r d e r.

F o r  t h e l atti c e W D F  b a s e d  o n  c a s c a d e d u nit  el e m e nt s, t h e a r g u m e nt s p r e s e nt e d  i n 

s e cti o n 6. 4. 1  a p pl y.

6. 5. 2  P R O O F  B Y  SI M U L A TI O N

I n o r d e r  t o s h o w t h at t h e l atti c e W D F  of  fi g u r e 6. 4 b  c a n b e  u s e d  t o p r o c e s s  t w o 

si g n al s si m ult a n e o u sl y, a  fift h o r d e r  filt e r wit h  t h e f oll o wi n g c o effi ci e nt s  w a s  si m ul at e d  wit h  

t h e m o difi e d  v e r si o n  of  DI F SI P;  al  =  - 0. 3 9 1 6 5 2 7, a 2  =  - 0. 6 8 7 7 3 6 9, a 3  =  0. 9 0 0 0 2 7 9,  

a 4  =  - 0. 9 3 5 3 0 0 2, a 5 =  - 0. 9 5 2 7 0 7 4.

T h e  f r e q u e n c y r e s p o n s e s f o r b ot h i n p ut s w e r e  o bt ai n e d a n d w e r e  t h e s a m e a s  

e x p e ct e d. T h e  f r e q u e n c y r e s p o n s e ( c o effi ci e nt w o r dl e n gt h  = 1 6  bit s) f o r i n p ut 1 a n d  

o ut p ut  2  i s s h o w n i n fi g u r e 6. 5 a.

A  si n u s oi d al si g n al of  a m plit u d e 0. 0 0 1  v olt s  a n d  f r e q u e n c y 0. 0 5  r a di a n s p e r  s e c o n d  

w a s  a p pli e d  at  i n p ut 1 ( s e e fi g u r e 6. 2 b)  a n d  a  si mil a r si g n al of  f r e q u e n c y 0. 1  r a di a n s p e r  
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second was applied at input 2 at the same time. The response to input 1 is obtained at 

output 2 and is shown in figure 6.5c. The response to input 2 is obtained at output 1 and 

is shown in figure 6.5b. The coefficient wordlength in both cases was 16 bits and the 

signal wordlength was 20 bits.

A fifth order lattice WDF based on unit elements ( figure 6.6) with the following 

coefficients was simulated in the same manner as above; ol = -0.3046126, 

a 2 = 0.2225531, a3 = - 0.2206677, a 4 = 0.6918970, o5 = 0.0043051.

The frequency responses for both inputs were obtained and were the same as 

expected. The frequency response (coefficient wordlength =16 bits) for input 1 and 

output 1 is shown in figure 6.7a.

A sinusoidal signal of amplitude 0.001 volts and frequency 0.05 radians per second 

was applied at input 1 (see figure 6.2b) and a similar signal of frequency 0.1

radians per second was applied at input 2 at the same time. The response to input 1 is 

obtained at output 1 and is shown in figure 6.3b. The response to input 2 is obtained at 

output 2 and is shown in figure 6.3c. The coefficient wordlength in both cases was 16 bits 

and the signal wordlength was 20 bits.
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6.6 THE LC LADDER WDF

6.6.1 SIMULTANEOUS PROCESSING OF TWO SIGNALS

Consider the LC ladder WDF structure of figure 6.8a. Since the delay of T seconds 

separating the three port adaptors is derived from a unit element, it may be split up as 

discussed before. The structure of figure 6.8a can therefore be redrawn as shown in figure 

6.8b.

The maximum sampling frequency possible for direct digital implementations of the 

structures of figure 6.8 will be the same. For figure 6.8a, the sampling frequency is equal 

to the clock frequency which is limited by the delay through two adaptors. For figure 

6.8b, the sampling frequency is twice the clock frequency which is limited by the delay 

through one adaptor. However, the direct digital implementation of figure 6.8b can be 

used to process two signals simultaneously. The penalty for this is 2n-2 additional shift 

registers where n is the filter order.

Another advantage of the structure of figure 6.8b is that for multiplexed schemes, the 

three port adaptor can be pipelined. This technique has been discussed in detail for 

UEWDFs in chapter4. Similar arguments apply to the LC ladder WDF.

6.6.2 PROOF BY SIMULATION

In order to show that the LC ladder WDF of figure 6.8b can be used to process two 

signals simultaneously, a fifth order filter with the following coefficients was simulated with 

the modified version of DIFSIP; all = 1.0, al2 = 0.8701536, a21 = 0.8507776, 

a22 = 0.8617879, a31 = 0.9003626, a32 = 0.8462301, a41 = 0.7366609, 

a42 = 0.9895446, a51 = 0.9339637, a52 = 0.8392880.

The frequency responses for both inputs were obtained and were the same as 

expected. The frequency response (coefficient wordlength = 16 bits) for input 1 and 

output 1 is shown in figure 6.9a.

A sinusoidal signal of amplitude 0.001 volts and frequency 0.05 radians per second 

was applied at input 1 (see figure 6.2b) and a similar signal of frequency 0.1 radians per 

second was applied at input 2 at the same time. The response to input 1 is obtained at 
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output 1 and is shown in figure 6.9b. The response to input 2 is obtained at output 2 and 

is shown in figure 6.9c. The coefficient wordlength in both cases was 16 bits and the signal 

wordlength was 20 bits.
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6.1 DISCUSSION AND CONCLUSIONS

It has been shown that theoretically a discrete system can process any number of 

signals, skewed by a fraction of the sampling period, simultaneously.

Direct digital implementations of discrete systems which use shift registers clocked 

every T seconds to realize delays of T seconds behave like the theoretical discrete system 

at one instant during a sampling period. WDFs based on unit elements employ half delays 

and therefore direct digital implementations of these employ shift registers clocked twice 

every sampling period. These systems behave like theoretical discrete systems at two 

instants during a sampling period. Consequently, they can be used to process two signals, 

skewed by half the sampling period, simultaneously.

It has been shown that UEWDFs, lattice WDFs based on cascaded unit elements and 

all-pass sections, and LC ladder WDF can be used to process two signals simultaneously 

at the same rate as a single signal. Effectively, the efficiency of the hardware 

implementation is doubled when used in this manner since the number of samples 

processed per second is doubled.
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FIGURE 6.2a : PROCESS SIMULATED BY DIFSIP
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FIGURE 6.2b t PROCESS SIMULATED BY MODIFIED VERSION OF DIFSIP
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INPUT

OUTPUT

FIGURE 6.4a

FIGURE 6.4b

FIGURE 6.4 : EQUIVALENT LATTICE KOF STRUCTURES
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INPUT

OUTPUT

FIGURE 6.G : FIFTH ORDER LATTICE WDF BASED ON CASCADED UNIT ELEMENTS

FIGURE 6.8a

FIGURE 6.8b

FIGURE 6.8 : EQUIVALENT LC LADDER WDF STRUCTURES
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CHAPTER SEVEN

A RECONFIGURABLE PROGRAMMABLE ARCHITECTURE 
FOR CASCADED UNIT ELEMENTS AND LATTICE WDFs

7.1 INTRODUCTION

It has been shown in chapter 6 that implementations of cascaded unit elements and 

lattice WDFs based on cascaded unit elements can be used to process two signals 

simultaneously. It has also been shown in chapter 5 that an implementation of the 

cascaded unit elements WDF can be used to realize a lattice arm which is based on 

cascaded unit elements.

In this chapter, an architecture is given which exploits the above properties. The 

architecture is based on a single multiplexed two port adaptor and can be reconfigured to 

implement a lattice WDF, two different UEWDFs operating on separate signals or two 

different UEWDFs in cascade operating on a single signal. An important feature of the 

architecture is that most of the hardware comprises an implementation of the two port 

adaptor and shift registers implementing the delays. The addition of a few multiplexers, 

registers and a subtractor complete the architecture. The versatility of the architecture is a 

result of exploitation of the simultaneous processing property (see chapter 6).

The architecture is discussed fully in section 7.2 and a program for the functional 

level simulation is described in section 7.3. Results of functional level simulation of some 

example filters is given in section 7.4.
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7. 2  A R C HI T E C T U R E

7. 2. 1  D E S C RI P TI O N

T h e  a r c hit e ct u r e  i s s h o w n i n fi g u r e 7. 1.  T h e  pi p eli n e d  t w o p o rt  a d a pt o r ( s e e c h a pt e r  

4)  i m pl e m e nt ati o n c o m p ri s e s t h e s u bt r a ct o r SI,  t h e t w o pi p eli n e  r e gi st e r s, t h e m ulti pli e r  

a r r a y,  t h e c o effi ci e nt R A M,  t h e r e gi st e r s Al,  A 2,  Cl,  C 2  a n d  t h e t w o a d d e r s. T h e  d el a y s  

a r e  i m pl e m e nt e d wit h  t h e t w o r e gi st e r st a c k s; st a c k  1 a n d  st a c k 2. N ot e  t h at f o r a c a s c a d e  

of  n  t w o p o rt  a d a pt o r s  s e p a r at e d b y  h alf  d el a y s,  t h e n u m b e r  of  r e gi st e r s i n st a c kl i s n,  i n 

st a c k 2 it i s n + 1  a n d  i n t h e c o effi ci e nt R A M  it i s 2 n.

C o n si d e r  t h e st r u ct u r e of  fi g u r e 7. 2 a.  I m pl e m e nti n g t hi s st r u ct u r e wit h  a m ulti pl e x e d  

t w o p o rt  a d a pt o r  i n v ol v e s c o m p uti n g  t h e o ut p ut  v al u e s  of  e a c h  of  t h e a d a pt o r s  i n t u r n ( s e e 

c h a pt e r 4 f o r a m o r e  d et ail e d  di s c u s si o n).  F o r  t h e fi r st a d a pt o r, t h e i n p ut A  ( s e e fi g u r e 

7. 2 c)  i s t h e i n p ut si g n al a n d f o r t h e l a st a d a pt o r, i n p ut C  i s z e r o. T h e  m ulti pl e x e r  M 3  

(fi g u r e 7. 1) p e rf o r m s  t h e f u n cti o n of  s el e cti n g z e r o at t h e a p p r o p ri at e ti m e a n d t h e 

m ulti pl e x e r  M 2  p e rf o r m s  t h e f u n cti o n of  s el e cti n g  t h e i n p ut si g n al at  t h e a p p r o p ri at e  ti m e. 

At  all ot h e r  ti m e s, t h e s e m ulti pl e x e r s  s el e ct t h e o ut p ut s  of  t h e r e gi st e r st a c k s.

T h e  r e gi st e r M  i s u s e d  t o st o r e t h e B  v al u e  c o r r e s p o n di n g  t o t h e l a st a d a pt o r  i n fi g u r e 

7. 2 a.  T h e  r e gi st e r s K  a n d  L  a r e  u s e d  t o st o r e t h e D  v al u e  c o r r e s p o n di n g  t o a d a pt o r s 1 i n 

t h e t w o l atti c e a r m s  of  t h e st r u ct u r e s h o w n i n fi g u r e 7. 2 b.  T h e  r e gi st e r s Q  a n d  R  a r e  u s e d  

t o st o r e t h e o ut p ut  si g n al s.

T h e  m ulti pl e x e r  M 4  i s u s e d  t o r e c o nfi g u r e t h e a r c hit e ct u r e f o r eit h e r l atti c e W D F  

o p e r ati o n o r U E W D F  o p e r ati o n. T h e m ulti pl e x e r  Ml  i s u s e d t o r e c o nfi g u r e t h e 

a r c hit e ct u r e f o r t w o s e p a r at e U E W D F s,  t w o U E W D F s  i n c a s c a d e o r l atti c e W D F  

o p e r ati o n.  T h e  s u bt r a ct o r S 2 c o r r e s p o n d s t o t h e s u bt r a ct o r s h o w n i n fi g u r e 7. 2 b.

T h e  t w o si g n al s t o b e  p r o c e s s e d  a r e  p r e s e nt e d  si m ult a n e o u sl y. T h e  f u n cti o n of  r e gi st e r  

P  i s t o p r o vi d e  i nt e r m e di at e st o r a g e f o r o n e  of  t h e si g n al s t o a c hi e v e  t h e r e q ui r e d s k e w of  

h alf  t h e s a m pli n g p e ri o d.
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7. 2. 2  C L O C K  A N D  C O N T R O L  SI G N A L S

T h e  s y st e m i s s y n c h r o n o u s a n d  all  t h e cl o c k  si g n al s a r e  d e ri v e d  f r o m t h e s y st e m cl o c k  

si g n al. T h e  r el ati o n s hi p b et w e e n  t h e v a ri o u s cl o c k si g n al s a n d  t h e s y st e m cl o c k si g n al i s 

s h o w n i n t a bl e 7. 1.

T h e  c o nt r ol si g n al s a r e  al s o  d e ri v e d  f r o m t h e s y st e m cl o c k  si g n al ( s e e t a bl e 7. 2).  T h e  

c o nt r ol si g n al M C O N 1  i s u s e d  t o s wit c h t h e o ut p ut  of  m ulti pl e x e r  M 2  t o I N P U T A . T h e  

c o nt r ol si g n al M C O N 2  i s u s e d  t o s wit c h t h e o ut p ut  of  m ulti pl e x e r  M 2  t o t h e o ut p ut  of  

r e gi st e r P.  T h e  c o nt r ol si g n al M C O N 3  i s u s e d  t o s wit c h t h e o ut p ut  of  m ulti pl e x e r  M 3  t o 

z e r o.

7. 2. 3  R E C O N FI G U R A TI O N  S C H E M E

T h e  a r c hit e ct u r e c a n b e r e c o nfi g u r e d t o i m pl e m e nt t h r e e diff e r e nt  s y st e m s. T h e  

r e c o nfi g u r ati o n s c h e m e i s s h o w n i n t a bl e 7. 3.

•  I n o r d e r  t o i m pl e m e nt t w o diff e r e nt  U E W D F s  o p e r ati n g  o n  s e p a r at e si g n al s,  

t h e m ulti pl e x e r  Ml  i s s wit c h e d t o I N P U T B a n d t h e m ulti pl e x e r  M 4  i s 

s wit c h e d t o t h e o ut p ut of r e gi st e r M.  T h e  t w o i n p ut si g n al s a r e a p pli e d  

si m ult a n e o u sl y t o I N P U T A a n d  I N P U T B a n d  t h e o ut p ut s  a r e o bt ai n e d  f r o m 

O U T P U T A  a n d O U T P U T B.

•  I n o r d e r  t o i m pl e m e nt a c a s c a d e of  t w o diff e r e nt  U E W D F s  o p e r ati n g  o n  o n e  

si g n al, t h e m ulti pl e x e r  Ml  i s s wit c h e d t o O U T P U T A  a n d  t h e m ulti pl e x e r  M 4  

i s s wit c h e d t o t h e o ut p ut  of  r e gi st e r M.  T h e  i n p ut si g n al i s a p pli e d  t o I N P U T A 

a n d  t h e o ut p ut  i s o bt ai n e d  f r o m O U T P U T A.

•  I n o r d e r  t o i m pl e m e nt a  l atti c e W D F  o p e r ati n g  o n  o n e  si g n al, t h e m ulti pl e x e r  

Ml  i s s wit c h e d t o I N P U T A a n d  t h e m ulti pl e x e r  M 4  i s s wit c h e d t o t h e o ut p ut  

of  t h e s u bt r a ct o r. T h e  i n p ut si g n al i s a p pli e d t o I N P U T A a n d  t h e o ut p ut  i s 

o bt ai n e d  f r o m O U T P U T A.
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7.2.4 PROGRAMMING

The architecture can be programmed to realize filters of different orders (up to and 

including N ; n=N+l) and characteristics.

It can be seen from figures 7.2a and 7.2c that in order to realize a UEWDF of order 

P where P<N, the multiplier coefficients of all adaptors from P+2 to N+l should be set to 

zero. It is also clear that to realize a lattice arm of order P (where P<=N), the coefficient 

of adaptor P+1 is set to +1 if a -1 multiplier is required (see figure 7.2b) and to -1 if a +1 

multiplier is required.

The coefficient RAM comprises a circulatory set of 2n registers. The mapping of filter 

coefficients onto the coefficient RAM is illustrated in table 7.4. Note that for UEWDF 

implementation, k(l,j) is the jth coefficient for filter 1 and k(2,j) is the jth coefficient for 

filter 2. For the lattice WDF, k(l,j) is the jth coefficient for one lattice arm and k(2,j) is 

the jth coefficient for the other lattice arm. The coefficient OS is used to realize the +/- 1 

multipliers discussed above.

Note from table 7.4 that the coefficients k(l,j) and k(2,j) have to be interleaved 

between the two halves of the coefficient RAM.

Assume that the architecture has been reconfigured to implement two separate 

UEWDFs as explained earlier and that the appropriate coefficients have been loaded into 

the RAM. The two input signals are applied at INPUTA and INPUTB at the same time. 

The operation of the system is as follows:

During clock cycle 1 , the INPUTB sample is clocked into register P and the output of 

multiplexer M2 is switched to INPUTA. The first stage of the pipelined two port adaptor 

implementation operates on the INPUTA sample. Effectively, during clock cycle 1, the 

first stage of the pipeline operates on adaptor 1 in figure 7.2a.

During clock cycle 2, the output of multiplexer M2 is switched to the output of 

stack2. Effectively, during clock cycle 2, the first stage of the pipeline operates on adaptor 

2 in figure 7.2a and the second stage of the pipeline operates on adaptor 1. This process 

is repeated for succeeding adaptors in figure 7.2a.
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During clock cycle n-1, the output of multiplexer M3 is switched to zero and during 

clock cycle n+2, the output sample value is clocked into register M. This value is 

transferred to registers Q and R at the beginning of alternate half sampling periods, i.e. 

during the first clock cycle of the first half sampling period, register R is clocked and 

during the first clock cycle of the second half sampling period, register Q is clocked.

A half sampling period is equal to n+3 clock cycles. From clock cycle n+4 to 2n+6, 

the processes described above are repeated except that during clock cycle n+4, the output 

of multiplexer M2 is switched to the output of register P. One sampling period therefore 

comprises 2n+6 clock cycles where the clock frequency is limited by the pipeline 

processes.

The operation for two UEWDFs in cascade - assuming the architecture has been 

appropriately reconfigured and programmed - is the same as above.

Now assume that the architecture has been reconfigured and programmed for lattice 

WDF operation. This time, a copy of the input sample is stored in register P for use in the 

second half sampling period. The essential difference between the lattice and UEWDF 

operation is that the outputs of the two lattice arms are intermediately stored in registers K 

and L, i.e. during clock cycle 3 of the first half sampling period, register K is clocked and 

during the third clock cycle of the second half sampling period, register L is clocked. The 

values stored in these two registers are subtracted and the result is transferred to register R 

during the first clock cycle of a sampling period.
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7.3 FUNCTIONAL LEVEL SIMULATION

A program for the functional level simulation of the architecture under consideration 

is given in appendix El. The program is written in fortran 77.

• The system is completely described by the subroutine ’state’ in which each 

register is represented by a real variable and the relationships between the 

registers are described by mathematical statements. A register is clocked by 

assigning a new value to it only if the relevant clock signal is active. Note that 

intermediate variables are used to evaluate the inputs to the registers and that 

these are evaluated before any of the registers are clocked. This is necessary 

to ensure that in the software model, the data is correctly shifted through two 

consecutive registers clocked at the same time.

• All clock and control signals are represented by boolean variables and are 

derived from the system clock according to tables 7.1 and 7.2. This function 

is performed by the subroutine ’contrl’.

• During each half system clock cycle, the subroutine ’state’ is called to 

evaluate the state of the registers and the subroutine ’contrl’ is called to 

evaluate the clock and control signal values for that period. The system clock 

signal is represented by a boolean variable which is toggled after every call to 

the above two routines.

• The two input signals are supplied by the subroutines ’sigone’ and ’sigtwo’ at 

the beginning of each sampling period. Also note that the outputs are 

available at this time.

• The subroutine ’coflod’ is used to program the coefficient RAM.
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The function of the multiplexers is modelled with conditional statements in 

the subroutine ’state’. Reconfiguration is achieved by appropriate definition 

of the relevant variables in these statements as can be seen from the program.

The subroutine ’forier’ is used to perform the FFT on the impulse responses 

of the filters.



7.4 SIMULATION EXAMPLES

The program discussed in the previous section was used to simulate the architecture 

under the following conditions.

(i) The architecture was reconfigured to implement two separate UEWDFs and

programmed for seventh and eleventh order UEWDFs. The coefficients for 

UEWDF1 were al=-a8= -0.83553984, a2=-a7= 0.97769094, a3=-a6= 

-0.98514007, a4=-a5=0.98606601. The coefficients for UEWDF2 were 

al=-od2=-0.70091221, a2=-all=0.91507273, a;3=-al0= -0.94217718,

a4=-a9= 0.94679689, a5=-a8 - 0.948161, a6=-a7= 0.94848824.

The frequency responses were obtained by performing an FFT on the 

impulse responses. The frequency response of the eleventh order UEWDF is 

shown in figure 7.3a and the response of the seventh order UEWDF is shown 

in figure 7.3b.

(ii) The architecture was reconfigured to implement two UEWDFs in cascade 

and programmed for the same seventh and eleventh order UEWDFs as in (i).

The frequency response was obtained as before and is shown in figure 7.3c . 

Note that theoretically this response should be equal to the sum of the two 

responses in (i). This is the case except at the lower end where a discrepancy 

has arisen due to inaccuracy in number representation in the FFT routine. A 

zoom into the passbands of the frequency responses of figures 7.3a, b, c, is 

shown in figure 7.3d from which it can be seen that the response in figure 

7.3c is equal to the sum of the responses in figures 7.3a and 7.3b.

(iii) The architecture was reconfigured to implement a lattice WDF and 

programmed for a fifth order lattice WDF. The coefficients for lattice arm 1 

were al=-0.3046, a2= 0.2199, and a3=-1.0 (note that this implements the 

+1 multiplier - see section 7.2). The coefficients for lattice arm 2 were 

al=-0.2207, »2= 0.692, a3=0.004 and a4=1.0 (note that this implements 

the -1 multiplier - see section 7.2).
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The frequency response is shown in figure 7.4. The passband gain of 6 dB is 

due to the omission of a 0.5 multiplier at the output of the lattice WDF.

The above filters were subjected to various signals in the time domain and in each 

case the result was as expected. An example of this is given in figure 7.5 which shows the 

response of the cascade of UEWDFs (see (ii) above) to a signal that is a composite of two 

sinusoids of frequencies 0.2 and 0.5 radians per second. Note that only the sinusoid with 

the frequency in the passband of the cascade of UEWDFs (see figure 7.3c) is transmitted 

as expected.
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7.5 DISCUSSION AND CONCLUSIONS

A novel architecture has been presented which exploits the simultaneous processing 

property discussed in chapter 6. The architecture can be reconfigured to implement;

(i) two separate UEWDFs

(ii) two UEWDFs in cascade

(iii) lattice WDF based on cascade of unit elements.

The major part of the architecture is an implementation of the two port adaptor. It 

has been shown that with little additional hardware, an architecture which is versatile and 

efficient can be obtained.

A program for the functional level simulation of the architecture has been presented 

and examples have been given to show that the architecture performs as expected.

A full custom design of the architecture employing the logic circuits discussed in 

chapter 3 requires approximately 13,000 gates for a fifteenth order system with 8 bit 

coefficients and 20 bit signals. In VLSI technology, a macrocell of this complexity is 

possible. The advantages of such a macrocell are that either a single cell or a cascade of 

cells may be used according to the sampling rate requirements.

In practice, a dynamic MOS technology would be useful because it allows simple 

implementation of the registers. The design of adders/subtractors and multipliers will be 

influenced by the sampling rate requirements. If these are sufficiently low, then bit-serial 

techniques may be employed to reduce gate counts. For high speed applications, fully 

parallel techniques must be employed with a consequent increase in silicon area and 

power requirements.

An important point to note in the architecture is that bidirectional and multiplexed 

busses have been avoided. This is desirable because of the design complexity of such 

systems.

For a system of order n, the number of clock cycles required to process one sample is 

2n+6. In the pipelining scheme chosen, the multiplier is the most complex block in the
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pipeline and will therefore determine the clock frequency. In order to gain an insight into 

possible sampling frequencies with current technology, consider the multiplier macrocell 

given by Henlin in reference [95]. This multiplier performs a 16bit X 16bit multiply in 62 

nanoseconds and is implemented in 1.5 gm CMOS/BULK technology. The use of such a 

cell in our scheme would allow a maximum clock frequency of approximately 15 MHz 

and for a fifteenth order system would allow a maximum sampling frequency of 

approximately 417 kHz.

It is interesting to note that a comparable 8 stage cascaded second order sections 

structure implemented on the Hitachi HD61810B signal processor achieves a maximum 

sampling frequency of approximately 80 kHz.
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C O E F FI CI E N T  V A L U E S

C O E F  R A M

L O C A TI O N

U E W D F

I M P L E M E N T A TI O N

L A T TI C E  W D F

I M P L E M E N T A TI O N

1 k(l,l) k(l,l)

2 k( 2, 2) k( 2, 2)

3 k(l, 3) k(l, 3)

L k(l, L) k(l, L)

L +l k( 2, L +l) k( 2, L +l)

L + 2 0 0

M-l k( 2, M-l) k( 2, M-l)

M 0 0

M +l 0 O S

n 0 0

n + 1 k( 2,l) k( 2,l)

n + 2 k(l, 2) k(l, 2)

n + 3 k( 2, 3) k( 2, 3)

n + L k( 2, L) k( 2, L)

n + L + 1 0 O S

n + L + 2 k( 2, L + 2) k( 2, L + 2)

n + M- 1 0 0

n + M k( 2, M) k( 2, M)

n + M + 1 0 0

2 n 0 0

L-l  =  o r d e r  of  fi r st filt e r, M-l  =  o r d e r  of  s e c o n d filt e r, w h e r e  n > M > L

T A B L E  7. 4  : M A P PI N G  O F  C O E F FI CI E N T S  O N T O  R A M s  F O R  L C  L A D D E R  W D F

O P E R A TI O N
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Figure 7.5 : Response (+) of cascade of UEWDFs to input (A).
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CHAPTER EIGHT

A RECONFIGURABLE PROGRAMMABLE ARCHITECTURE 
FOR LC LADDER AND LATTICE WDFs

8.1 INTRODUCTION

The approach employed for the design of a reconfigurable programmable architecture 

for lattice and cascaded unit elements WDFs can be used to design an architecture for LC 

ladder WDFs and lattice WDFs based on LC networks. The main difference between the 

two architectures is that the scheme discussed here is based on a three port adaptor.

WDFs derived from analogue lattice filters in which the lattice reactances are realized 

with LC ladders (Cauer form I) have been discussed in chapter 5. Further, it has been 

shown in chapter 6 that implementations of the LC ladder WDF can be used to process 

two signals simultaneously.

In this chapter, an architecture is given which exploits the above properties. The 

architecture is based on a single multiplexed three port parallel adaptor and can be 

reconfigured to implement a lattice WDF, two different LC ladder WDFs operating on 

separate signals or two different LC ladder WDFs in cascade operating on a single signal. 

An important feature of the architecture is that most of the hardware comprises an 

implementation of the three port parallel adaptor and shift registers implementing the 

delays. The addition of a few multiplexers, registers and a subtractor complete the 

architecture. The versatility of the architecture is a result of exploitation of the 

simultaneous processing property (see chapter 6).

In section 8.2, a method is described which allows both LC ladder and lattice WDFs 

to be implemented with a single multiplexed three port adaptor. The architecture is 

discussed in section 8.3 and a program for functional level simulation is given in section 

8.4. Results of functional level simulation of some example filters is given in section 8.5.
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8.2 LC LADDER AND LATTICE WDF IMPLEMENTATION BASED ON 
A SINGLE THREE PORT ADAPTOR

The WDF derived from an LC ladder of Cauer form 1 in which Kuroda’s transform 

has been applied to insert unit elements is shown in figure 8.1 [45].

It has been shown in chapter 3 that this structure is multiplexable and therefore a 

single multiplexed parallel three port adaptor implementation may be used to realize a 

filter of arbitrary order.

For a direct implementation of the structure of figure 8.1, all the three port adaptors 

operate in parallel. This means that we can pipeline the three port adaptor in the 

multiplexed scheme in order to improve the speed. The pipelined parallel three port 

adaptor is shown in figure 8.2.

This scheme will form the basis of the architecture to be discussed in section 8.3.

The WDF derived from a lattice filter in which the lattice reactances are realized with 

one port LC networks is shown in figure 8.3. The lattice reactances are obtained by Cauer 

synthesis and the unit elements are inserted by using Kuroda’s transforms. This type of 

WDF has been discussed in detail in chapter 5. Note that the WDF is of odd order (figure 

8.3) and that the odd order lattice arm comprises only parallel three port adaptors. The 

even order lattice arm comprises parallel three port adaptors and one two port adaptor. 

The two port adaptor employed here has one dependent port [80] and is shown in figure 

8.4.

The two port adaptor of figure 8.4 can be realized with an implementation of the 

three port adaptor of figure 8.2 by setting and a3 to zero.

An implementation of the structure of figure 8.1 can be used to realize an mth order 

lattice arm of figure 8.3 (where m is odd) by setting the coefficients for the mth adaptor 

to zero. For all subsequent adaptors, 7I is set to -1 and y2 to zero. An even order lattice 

arm can be realized by setting the y2 coefficient of the mth adaptor to zero and for 

subsequent adaptors, 7I is set to -1 and y2 to zero. In both cases, the input is applied at 

INPUT 1, INPUT2 is set to zero and the ouput is obtained at OUTPUT2.
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It has been shown in chapter 6 that any implementation of the structure of figure 8.1 

can be used to process two signals simultaneously. With appropriate modifications, the 

implementation may be used to realize both the lattice arms. Therefore, a multiplexed 

scheme based on a single three port adaptor may be used to realize either LC ladder or 

lattice WDFs.

The above ideas have been used to design a re configurable programmable 

architecture which may be used to implement two separate LC ladder WDFs, two LC 

ladder WDFs in cascade or a lattice WDF.
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8. 3  A R C HI T E C T U R E

8. 3. 1  D E S C RI P TI O N

T h e  a r c hit e ct u r e i s s h o w n i n fi g u r e 8. 5.  T h e  pi p eli n e d  t h r e e p o rt  p a r all el  a d a pt o r  

(fi g u r e 8. 2 b)  i m pl e m e nt ati o n c o m p ri s e s t h e s u bt r a ct o r s SI,  S 2,  t h e pi p eli n e  r e gi st e r s, t h e 

m ulti pli e r s,  t h e a d d e r s  a n d  t h e c o effi ci e nt  R A M s.  C O E F  R A MI  h ol d s  t h e c o effi ci e nt s  7I  

a n d C O E F  R A M 2  h ol d s  t h e c o effi ci e nt s 7 2. T h e  m ulti pli e r  M L 3  p e rf o r m s  a g ati n g  

f u n cti o n i n t h at it eit h e r  m ulti pli e s  b y  o n e  o r  z e r o. T hi s  i s n e c e s s a r y  i n o r d e r  t o i m pl e m e nt 

t h e c o n diti o n w h e r e  a 3  i s z e r o. It f oll o w s t h at t h e C O E F  R A M 3  r e gi st e r s a r e  o n e  bit  wi d e.  

F o r  a c a s c a d e of  n  t h r e e p o rt  a d a pt o r s s e p a r at e d b y  h alf  d el a y s ( s e e fi g u r e 8. 1),  t h e 

n u m b e r  of  r e gi st e r s i n t h e c o effi ci e nt R A M s  i s 2 n.

T h e  T / 2  d el a y s  c o r r e s p o n di n g t o t h e u nit  el e m e nt s ( s e e fi g u r e 8. 1)  a r e  i m pl e m e nt e d 

wit h  S T A C K  1 a n d S T A C K 2. T h e  c a s c a d e d p ai r  of  T / 2  d el a y s c o r r e s p o n di n g t o t h e 

i n d u ct o r s a n d  c a p a cit o r s a r e i m pl e m e nt e d wit h  S T A C K 3. F o r  a c a s c a d e of  n  t h r e e p o rt  

a d a pt o r s  s e p a r at e d  b y  h alf  d el a y s,  t h e n u m b e r  of  r e gi st e r s i n S T A C K  1 i s n,  i n S T A C K 2  it 

i s n + 1  a n d  i n S T A C K 3  it i s 2 n + 2.

C o n si d e r  t h e st r u ct u r e of  fi g u r e 8. 1.  I m pl e m e nti n g t hi s st r u ct u r e wit h  a m ulti pl e x e d  

t h r e e p o rt  a d a pt o r  i n v ol v e s c o m p uti n g  t h e o ut p ut  v al u e s  of  e a c h  of  t h e a d a pt o r s  i n t u r n. 

F o r  t h e fi r st a d a pt o r, t h e i n p ut al ( s e e fi g u r e 8. 2)  i s t h e i n p ut si g n al a n d f o r t h e l a st 

a d a pt o r, i n p ut a 2 i s z e r o. T h e  m ulti pl e x e r  M 3  ( s e e fi g u r e 8. 5)  p e rf o r m s  t h e f u n cti o n of  

s el e cti n g z e r o at  t h e a p p r o p ri at e  ti m e a n d  t h e m ulti pl e x e r  M 2  p e rf o r m s  t h e f u n cti o n of  

s el e cti n g t h e i n p ut si g n al at  t h e a p p r o p ri at e  ti m e. At  all  ot h e r  ti m e s, t h e m ulti pl e x e r  M 2  

s el e ct s t h e o ut p ut  of  S T A C K 2  a n d  m ulti pl e x e r  M 3  s el e ct s t h e o ut p ut  of  S T A C K  1.

T h e  r e gi st e r M  i s u s e d  t o st o r e t h e b 2  v al u e  c o r r e s p o n di n g  t o t h e l a st a d a pt o r  i n fi g u r e 

8. 1.  T h e  r e gi st e r s K  a n d  L  a r e  u s e d  t o st o r e t h e b  1 v al u e  c o r r e s p o n di n g t o a d a pt o r s 1 i n 

t h e t w o l atti c e a r m s  of  t h e st r u ct u r e s h o w n i n fi g u r e 8. 3.  T h e  r e gi st e r s Q  a n d  R  a r e  u s e d  t o 

st o r e t h e o ut p ut  si g n al s.

T h e  m ulti pl e x e r  M 4  i s u s e d  t o r e c o nfi g u r e t h e a r c hit e ct u r e  f o r eit h e r  l atti c e W D F  o r  

L C  l a d d e r W D F  o p e r ati o n.  T h e  m ulti pl e x e r  Ml  i s u s e d  t o r e c o nfi g u r e t h e a r c hit e ct u r e  f o r 
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t w o s e p a r at e L C l a d d e r W D F s,  t w o L C l a d d e r W D F s  i n c a s c a d e o r l atti c e W D F  

o p e r ati o n.  T h e  s u bt r a ct o r S 3 c o r r e s p o n d s t o t h e s u bt r a ct o r s h o w n i n fi g u r e 8. 3.

T h e  t w o si g n al s  t o b e  p r o c e s s e d  a r e  p r e s e nt e d  si m ult a n e o u sl y. T h e  f u n cti o n of  r e gi st e r  

P  i s t o p r o vi d e  i nt e r m e di at e st o r a g e f o r o n e  of  t h e si g n al s t o a c hi e v e  t h e r e q ui r e d s k e w of  

h alf  t h e s a m pli n g p e ri o d

8. 3. 2  C L O C K  A N D  C O N T R O L  SI G N A L S

T h e  cl o c ki n g a n d c o nt r ol s c h e m e s u s e d  h e r e  a r e t h e s a m e a s i n s e cti o n 7. 2. 2.

N ot e  t h at i n r e a di n g t a bl e s 7. 1 a n d 7. 2 wit h  r e s p e ct t o t h e a r c hit e ct u r e u n d e r  

di s c u s si o n  h e r e,  t h e s y m b ol n  r e p r e s e nt s t h e o r d e r  of  a n L C  l a d d e r o r  a l atti c e a r m.

8. 3. 3  R E C O N FI G U R A TI O N  S C H E M E

T h e  r e c o nfi g u r ati o n s c h e m e u s e d  h e r e  i s t h e s a m e a s i n s e cti o n 7. 2. 3.

8. 3. 4  P R O G R A M MI N G

T h e  a r c hit e ct u r e c a n b e  p r o g r a m m e d  t o r e ali z e filt e r s of  diff e r e nt  o r d e r s ( u p t o a n d  

i n cl u di n g n  - s e e fi g u r e 8. 1)  a n d c h a r a ct e ri sti c s.

F o r  a n  L C  l a d d e r W D F  of  o r d e r  L  w h e r e  L < n,  t h e n u m b e r  of  a d a pt o r s  a n d  t h e r ef o r e 

t h e n u m b e r  of  p ai r s  of  c o effi ci e nt s ( y 1 a n d  y 2)  i s L.  It c a n  b e  s e e n f r o m fi g u r e 8. 1  t h at i n 

o r d e r  t o r e ali z e s u c h a filt e r wit h  a n  nt h  o r d e r  s y st e m, all  yl  c o effi ci e nt s f o r t h e ( L +l)t h 

a d a pt o r a n d s u b s e q u e nt a d a pt o r s i s s et t o - 1. T h e  y 2 c o effi ci e nt f o r t h e ( L +l)t h a n d  

s u b s e q u e nt a d a pt o r s  i s s et t o z e r o. T h e  o ut p ut  of  t h e Lt h  o r d e r  filt e r i s t h e n a v ail a bl e  at  

O U T P U T  1.

I n o r d e r  t o i m pl e m e nt t w o diff e r e nt  L C  l a d d e r W D F s  wit h  t h e a r c hit e ct u r e  of  fi g u r e 

8. 5  w h e r e  filt e r 1 i s of  o r d e r  L  a n d  filt e r 2  i s of  o r d e r  M,  t h e t w o s et s of  c o effi ci e nt  v al u e s  

h a v e  t o b e  i nt e rl e a v e d b et w e e n  t h e t w o h al v e s  of  t h e c o effi ci e nt R A M s.  T hi s  i s ill u st r at e d 

i n t a bl e 8. 1.  N ot e  t h at kl(i,j)  i s t h e yl  c o effi ci e nt  w h e r e  i i s 1 f o r filt e r 1 a n d  2  f o r filt e r 

2.  T h e  j v al u e  r e p r e s e nt s t h e n u m b e r  of  t h e a d a pt o r,  e. g.  k( 2, 5)  i s t h e y  1 v al u e  of  t h e 5t h  

a d a pt o r  of  filt e r 2.  Si mil a rl y, k 2(i,j) r e p r e s e nt s t h e y 2  v al u e.
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8. 3. 5  O P E R A TI O N

A s s u m e  t h at t h e a r c hit e ct u r e h a s  b e e n  r e c o nfi g u r e d t o i m pl e m e nt t w o s e p a r at e L C  

l a d d e r W D F s  a s e x pl ai n e d  e a rli e r  a n d  t h at t h e a p p r o p ri at e  c o effi ci e nt s h a v e  b e e n  l o a d e d 

i nt o t h e R A M s.  T h e  t w o i n p ut si g n al s a r e a p pli e d  at I N P U T A a n d  I N P U T B at  t h e s a m e  

ti m e. T h e  o p e r ati o n  of  t h e s y st e m i s a s f oll o w s:

D u ri n g  cl o c k c y cl e 1,  t h e I N P U T B s a m pl e i s cl o c k e d  i nt o r e gi st e r P  a n d  t h e o ut p ut  of  

m ulti pl e x e r  M 2  i s s wit c h e d t o I N P U T A. T h e  fi r st st a g e of  t h e pi p eli n e d  t h r e e p o rt  a d a pt o r  

i m pl e m e nt ati o n o p e r at e s  o n  t h e I N P U T A s a m pl e. Eff e cti v el y,  d u ri n g  cl o c k c y cl e 1,  t h e 

fi r st st a g e of  t h e pi p eli n e  o p e r at e s  o n  a d a pt o r 1 i n fi g u r e 8. 1.

D u ri n g  cl o c k c y cl e 2, t h e o ut p ut of  m ulti pl e x e r  M 2  i s s wit c h e d t o t h e o ut p ut  of  

S T A C K 2.  Eff e cti v el y,  d u ri n g  cl o c k 2,  t h e fi r st st a g e of  t h e pi p eli n e  o p e r at e s  o n  a d a pt o r  2  

i n fi g u r e 8. 1  a n d  t h e s e c o n d st a g e of  t h e pi p eli n e  o p e r at e s  o n  a d a pt o r 1.  T hi s  p r o c e s s  i s 

r e p e at e d f o r s u c c e e di n g a d a pt o r s i n fi g u r e 8. 1.

D u ri n g  cl o c k c y cl e n- 1,  t h e o ut p ut  of  m ulti pl e x e r  M 3  i s s wit c h e d t o z e r o a n d  d u ri n g  

cl o c k c y cl e n + 2, t h e o ut p ut s a m pl e v al u e i s cl o c k e d i nt o r e gi st e r M.  T hi s  v al u e i s 

t r a n sf e r r e d t o r e gi st e r s Q  a n d R  at  t h e b e gi n ni n g  of  alt e r n at e h alf  s a m pli n g p e ri o d s,  i. e. 

d u ri n g  t h e fi r st cl o c k c y cl e of  t h e fi r st h alf  s a m pli n g p e ri o d,  r e gi st e r R  i s cl o c k e d a n d  

d u ri n g  t h e fi r st cl o c k c y cl e of  t h e s e c o n d h alf  s a m pli n g p e ri o d,  r e gi st e r Q  i s cl o c k e d.

A  h alf  s a m pli n g p e ri o d  i s e q u al  t o n + 3  cl o c k c y cl e s. F r o m  cl o c k c y cl e n + 4  t o 2 n + 6,  

t h e p r o c e s s e s  d e s c ri b e d  a b o v e  a r e  r e p e at e d e x c e pt  t h at d u ri n g  cl o c k c y cl e n + 4,  t h e o ut p ut  

of  m ulti pl e x e r  M 2  i s s wit c h e d t o t h e o ut p ut  of  r e gi st e r P.  O n e  s a m pli n g p e ri o d  t h e r ef o r e 

c o m p ri s e s 2 n + 6 cl o c k c y cl e s w h e r e  t h e cl o c k f r e q u e n c y i s li mit e d b y t h e pi p eli n e  

p r o c e s s e s.

T h e  o p e r ati o n  f o r t w o L C  l a d d e r W D F s  i n c a s c a d e - a s s u mi n g  t h e a r c hit e ct u r e  h a s  

b e e n  a p p r o p ri at el y  r e c o nfi g u r e d a n d  p r o g r a m m e d  - i s t h e s a m e a s a b o v e.

N o w  a s s u m e  t h at t h e a r c hit e ct u r e  h a s  b e e n  r e c o nfi g u r e d a n d  p r o g r a m m e d  f o r l atti c e 

W D F  o p e r ati o n.  T hi s  ti m e, a c o p y  of  t h e i n p ut s a m pl e i s st o r e d  i n r e gi st e r P  f o r u s e  i n t h e 

s e c o n d h alf  s a m pli n g p e ri o d.  T h e  e s s e nti al  diff e r e n c e  b et w e e n  t h e l atti c e a n d L C  l a d d e r 
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WDF operation is that the outputs of the two lattice arms are intermediately stored in 

registers K and L, i.e. during clock cycle 3 of the first half sampling period, register K is 

clocked and during the third clock cycle of the second half sampling period, register L is 

clocked. The values stored in these two registers are subtracted and the result is 

transferred to register R during the first clock cycle of a sampling period.
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8.4 FUNCTIONAL LEVEL SIMULATION

A program for the functional level simulation of the architecture under consideration 

is given in appendix Fl.

The approach taken is the same as in chapter 7 and the discussion of section 7.3 

applies here.
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8.5 SIMULATION EXAMPLES

The program discussed in the previous section was used to simulate the architecture 

under the following conditions.

(i) The architecture was reconfigured to implement two separate LC ladder 

WDFs and programmed for fifth and seventh order LC ladder WDFs. The 

coefficients are given below.

5th order LC ladder WDF :

7II = -1.0

721 = -0.8507776

731 = -0.9003626

741 = -0.7366609

751 = -0.9339637

712 = -0.8701536

722 = -0.8617879

732 = -0.8462301

742 = -0.9895446

752 = -0.8392880

7th order LC ladder WDF

7II = -1.0

721 = -0.8035814

731 = -0.5122059

741 = -0.0517625

751 = -0.0146557

76I = -0.0138526

771 = -0.020662

yl2 = -0.8358278

722 = -0.607597

732 = -0.2721813

742 = -0.0191030

752 = -0.0138348

762 = -0.0147933

772 = -0.1653745

The frequency responses were obtained by performing an FFT on the 

impulse responses. The frequency response of the fifth order LC ladder WDF 

is shown in figure 8.6a and the response for the eleventh order LC ladder 

WDF is shown in figure 8.6b.

(ii) The architecture was reconfigured to implement two LC ladder WDFs in 

cascade and programmed for the same seventh and eleventh order LC ladder 

WDFs as in (i).
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The frequency response was obtained as before and is shown in figure 8.6c . 

A zoom into the passbands of the frequency responses of figures 8.6a, b, c, is 

shown in figure 8.6d from which it can be seen that the response in figure 

8.6c is equal to the sum of the responses in figures 8.6a and 8.6b.

(iii) The architecture was reconfigured to implement a lattice WDF and 

programmed for a fifth order lattice WDF. The coefficients for lattice arms 

are given below

2nd order lattice arm :

711 = -1.0 yl2 = -0.466

721 = -0.507 722 = 0.0

3rd order lattice arm :

yll = -1.0 712 = -0.466

721 = -0.327 722 = -0.711

The frequency response is shown in figure 8.7. The passband gain of 6 dB is 

due to the omission of a 0.5 multiplier at the output of the lattice WDF
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8.6 DISCUSSION AND CONCLUSIONS

A novel architecture has been presented which exploits the simultaneous processing 

property discussed in chapter 6. The architecture can be reconfigured to implement;

(i) two separate LC ladder WDFs

(ii) two LC ladder WDFs in cascade

(iii) lattice WDF based on LC ladder networks.

The major part of the architecture is an implementation of the three adaptor. It has 

been shown that with little additional hardware, an architecture which is versatile and 

efficient can be obtained.

A program for the functional level simulation of the architecture has been presented 

and examples have been given to show that the architecture performs as expected.

A full custom design of the architecture employing the logic circuits discussed in 

chapter 3 requires approximately 24,000 gates for a fifteenth order system with 8 bit 

coefficients and 20 bit signals. In VLSI technology, a macrocell of this complexity is 

possible. The advantages of such a macrocell are that either a single cell or a cascade of 

cells may be used according to the sampling rate requirements.

In practice, a dynamic MOS technology would be useful because it allows simple 

implementation of the registers. The design of adders/subtractors and multipliers will be 

influenced by the sampling rate requirements. If these are sufficiently low, then bit-serial 

techniques may be employed to reduce gate counts. For high speed applications, fully 

parallel techniques must be employed with a consequent increase in silicon area and 

power requirements.

An important point to note in the architecture is that bidirectional and multiplexed 

busses have been avoided. This is desirable because of the design complexity of such 

systems.

Note that this architecture requires about twice the number of gates as the 

architecture presented in chapter 7. However, the LC ladder WDF has lower coefficient 
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sensitivity than the UEWDF and therefore, in practice, more stringent tolerance scheme 

requirements can be satisfied with the architecture presented here. Also note from 

chapter 2 that the LC ladder WDF can be used to satisfy tolerance schemes for which the 

UEWDF fails. For this reason, both the architecture presented here and that presented in 

chapter 7 are of practical value since the former can be used where the simpler 

architecture of chapter 7 fails.
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C O E F FI CI E N T  V A L U E S

C O E F  R A M

L O C A TI O N

C O E F  R A MI C O E F  R A M 2 C O E F  R A M 3

1 kl(l,l) k 2(l,l) 1

2 kl( 2, 2) k 2( 2, 2) 1

3 kl(l, 3) k 2(l, 3) 1

L kl(l, L) k 2(l, L) 1

L +l kl( 2, L +l) k 2( 2, L +l) 1

L + 2 - 1. 0 0 0

M-l kl( 2, M-l) k 2( 2, M-l) 1

M - 1. 0 0 0

M +l - 1. 0 0 0

n - 1. 0 0 0

n + 1 kl( 2,l) k 2( 2,l) 1

n + 2 kl(l, 2) k 2(l, 2) 1

n + 3 kl( 2, 3) k 2( 2, 3) 1

n + L kl( 2, L) k 2( 2, L) 1

n + L + 1 - 1. 0 0 0

n + L + 2 kl( 2, L + 2) k 2( 2, L + 2) 1

n + M- 1 - 1. 0 0 0

n + M kl( 2, M) k 2( 2, M) 1

n + M + 1 - 1. 0 0 0

2 n - 1. 0 0 0

L  =  o r d e r  of  fi r st filt e r, M  =  o r d e r  of  s e c o n d filt e r, w h e r e  n > M > L

T A B L E  8. 1  : M A P PI N G  O F  C O E F FI CI E N T S  O N T O  R A M s  F O R  L C  L A D D E R  W D F

O P E R A TI O N
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a2

b2

FIGURE 8.2a : SYMBOLIC REPRESENTATION OF 3 PORT PARALLEL ADAPTOR

FIGURE 8.2b : PIPELINED 3 PORT PARALLEL ADAPTOR
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INPUT

OUTPUT

FIGURE 8.3 : WDF DERIVED FROM LATTICE FILTER WITH CAUER SYNTHESIS 

OF LATTICE REACTANCES

FIGURE 8.4 : TWO PORT ADAPTOR WITH ONE DEPENDENT PORT
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CHAPTER NINE

CONCLUSIONS AND COMMENTS

9.1 SUMMARY

The advantages of using digital techniques for implementing electronic systems are 

well known from the viewpoint of noise immunity, tolerance to component ageing, 

tolerance to environmental factors, programmability, etc. The continuing advances in 

fabrication technology and the consequent decrease in cost of digital implementations 

means that more and more analogue functions are being replaced with digital 

equivalents.

The realm of signal processing has been dominated by analogue techniques until 

recently because of the complexity of digital signal processing (DSP) functions. However, 

the advent of VLSI has made integration of complete DSP functions on single chips 

possible. A key area for further advances in the VLSI implementation of DSP functions is 

the study of efficient architectures for implementing such functions. The goal is to 

minimize silicon area requirements, power requirements, design time and effort, and 

maximize the speed performance.

The digital filter is an important DSP function. The problem of designing efficient 

architectures for the VLSI implementation of digital filters has been addressed in this 

thesis. The approach taken may be viewed in a top-down fashion. At the highest level, 

the design of digital filters has been discussed and the important question of choice of 

digital filter structure has been addressed. It has been pointed out that the choice of 

digital filter structure is governed by finite wordlength effects and hardware 

implementation aspects.

The following structures were chosen from the literature for detailed study ; direct 

form II, cascaded second order sections, parallel second order sections, Gray-Markel 

normalized ladder, cascaded unit elements WDF, lattice WDF, LC ladder WDF and the 
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IVR generalized WDF. From the finite wordlength effects viewpoint, a detailed 

comparison of these structures based on experiments performed on a range of filters was 

given in chapter 2. The experiments were performed by simulating the filters with the aid 

of a specifically written program and measures for coefficient wordlength sensitivity and 

signal wordlength sensitivity were obtained. Stability aspects were also considered and it 

was shown that of the structures considered, the wave digital filters were the most suitable 

choice from the finite wordlength viewpoint.

The previously mentioned structures were considered from the hardware 

implementation viewpoint in chapter 3. Measures for hardware complexity were 

introduced and used to draw a comparison between the structures. The possibility of 

implementing the structures with multiplexed subsections was considered for each 

structure because this is an important method of coping with the hardware complexity. 

The degree of parallelism of each structure was examined and speed aspects were 

considered. Structures with high speeds are important not only for high speed applications 

but also because the speed may be traded off against hardware complexity. A measure of 

the speed performance of the structure was given in terms of the critical path.

Based on the results of chapters 2 and 3, the cascaded unit elements WDF and the 

lattice WDF were selected for further study and for consideration at the architectural 

level.

The cascaded unit elements WDF (UEWDF) was discussed in chapter 4. A novel 

finite wordlength design program based on a heuristic approach was presented. The basis 

of the program were a number of properties of low-pass UEWDFs which were identified 

through experimentation and observations drawn from the literature. It was shown with 

the aid of an arbitrarily chosen example that the technique is of practical value.

An architecture based on a single multiplexed two port adaptor implementation and 

which is suitable for VLSI implementation was also presented in chapter 4. The novel 

feature of this architecture is that the inherent parallelism of the UEWDF has been 

exploited to pipeline the two port adaptor in order to optimize speed performance. It was 

estimated that a gate count of 12,000 is required for a fifteenth order system with 20 bit 

signals and 8 bit coefficients. It is thought that a system of this complexity can be used as 
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a macrocell in a standard cell system. The advantage of the above architecture is that 

either a single cell, or multiple cascaded cells may be used according to the sampling rate 

requirements. A functional level simulation of this architecture has been given to show 

that it is functionally correct.

Lattice WDFs were considered in chapter 5. Design programs for lattice WDFs based 

on cascaded unit elements and those based on LC networks were given. It was shown that 

the lattice WDF based on cascaded unit elements can be realized with an implementation 

of a UEWDF with little or no modifications. The lattice WDF based on all-pass sections 

was considered at the architectural level and a number of schemes were presented. It was 

shown that a simple modification to the lattice arm may be used to obtain pipelining. A 

scheme for this lattice WDF which allows the delay elements to be effectively used in a 

pipeline in a multiplexed scheme was given. This is thought to be particularly useful for 

further work.

In chapter 6 arguments were presented to show that the synchronous digital 

implementation of a discrete system only behaves like the theoretical discrete system at 

the clocking edge. This argument was developed to show that synchronous digital systems 

realizing discrete systems with delay elements equal to half the sampling period behave 

like the theoretical discrete system at two instants within a sampling period. It was shown 

that this property may be used to process two signals, skewed by half the sampling period, 

simultaneously. In the case of WDFs employing unit elements, it was shown that these 

could be used to simultaneously process two signals without requiring any modifications. 

The implication of this is that the efficiency of the above WDFs can, in effect, be 

doubled.

The above property was exploited in the design of a reconfigurable, programmable 

architecture for the implementation of UEWDFs or lattice WDFs and which is suitable for 

VLSI implementation. This was given in chapter 7. The novel feature of this architecture 

is that it is based on a single multiplexed two port adaptor which is pipelined for optimum 

speed performance. The major part of the implementation comprises the two port adaptor 

and the register stacks for the delays. With little additional hardware, an architecture has 

been obtained which is capable of implementing two separate UEWDFs, two UEWDFs in 
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cascade, or a lattice WDF. The gate count for the architecture is approximated at 13,000 

gates for a fifteenth order system with 8 bit coefficients and 20 bit signals. A macrocell of 

this complexity is possible in VLSI. One advantage of such a macrocell is that either a 

single cell, or a cascade of cells may be used according to sampling rate requirements.

Similar ideas to the above were applied in the design of a reconfigurable, 

programmable architecture for LC ladder and lattice WDFs. This was discussed in 

chapter 8. The architecture can be reconfigured to implement two separate LC ladder 

WDFs, two LC ladder WDFs in cascade, or a lattice WDF. The gate count was 

approximated at 24,000 for a fifteenth order system with 8 bit coefficients and 20 bit 

signals. Although the gate count is high, it is still suitable for VLSI implementation. This 

architecture is useful in practice because the LC ladder WDF is more versatile in the 

range of tolerance schemes that it can satisfy compared with the UEWDF. It would 

therefore be useful to have both architectures available.

In the design of all architectures, particular attention was paid to the avoidance of 

bidirectional and multiplexed busses because of the difficulty in the design of such 

systems.

Finally, note that all gate counts are based on bit-parallel implementations. The 

complexity of the logic circuits will be influenced by the speed requirements because high 

speeds will require fully parallel techniques. However, where speed requirements permit, 

it is better to use bit-serial techniques in order to optimize silicon area and power 

requirements.
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9. 2  F U R T H E R  W O R K

T h e  i d e a s p r e s e nt e d  i n t hi s t h e si s m a y  b e  u s ef ull y  d e v el o p e d  f u rt h e r b y  p u r s ui n g  t h e 

f oll o wi n g a s p e ct s.

1.  T h e c o nti n ui n g e m e r g e n c e of n e w di git al filt e r st r u ct u r e s m e a n s  t h at 

a s s e s s m e nt of t h e s e i n t e r m s of fi nit e w o r dl e n gt h  eff e ct s i s c o nti n u all y  

r e q ui r e d. T h e  m et h o d s  u s e d  i n c h a pt e r 2  s h o ul d b e  f o r m ali z e d a n d  u s e d  t o 

d e v el o p  s oft w a r e t o ol s t o p e rf o r m  a st a n d a r d s et of  t e st s o n  t h e st r u ct u r e. A  

u s ef ul  a d diti o n  t o t h e m et h o d s  i n c h a pt e r 2  w o ul d  b e  a  t e st f o r li mit c y cl e s. A  

si m pl e m et h o d  of  t e sti n g f o r z e r o i n p ut li mit c y cl e s i s t o sti m ul at e t h e filt e r 

wit h  a  u nit  i m p ul s e a n d  o b s e r vi n g  t h e r e s p o n s e. F ail u r e  t o s ettl e t o z e r o aft e r  

t h e i d e al s ettli n g ti m e c a n b e  t a k e n a s i n di c ati o n of  a li mit c y cl e. F u rt h e r  

p r a cti c al  m et h o d s  of  t e sti n g f o r li mit c y cl e s n e e d  t o b e  d e v el o p e d.  A n al yti c  

m et h o d s  of  p r e di cti n g  li mit c y cl e s s h o ul d b e  i n c o r p o r at e d w h e r e  p o s si bl e.

A s  p a rt  of  t h e s a m e s et of  t o ol s p r o p o s e d  a b o v e,  t h e i d e a s of  c h a pt e r 3  s h o ul d  

b e  u s e d  i n a f o r m al w a y  t o a s s e s s t h e s uit a bilit y of  a st r u ct u r e f o r V L SI  

i m pl e m e nt ati o n. I n a d diti o n t o t h e m e a s u r e s  p r o p o s e d i n c h a pt e r 3,  

t e c h ni q u e s f o r a s s e s si n g  t h e i nt e r c o n n e cti o n c o m pl e xit y  of  a  st r u ct u r e n e e d  t o 

b e  d e v el o p e d.  T h e  ai m of  s u c h a m e a s u r e  s h o ul d b e  t o g ai n  a n  i n si g ht i nt o 

t h e sili c o n a r e a r e q ui r e m e nt s a n d d el a y s  a s s o ci at e d  wit h  i nt e r c o n n e cti o n s.

W e  c a n s u m m a ri z e t h e a b o v e  di s c u s si o n  b y  st ati n g t h at a  s et of  p r o g r a m s  m a y  

b e  d e v el o p e d  w hi c h  t a k e s a s  i n p ut a  d e s c ri pti o n  of  t h e st r u ct u r e a n d  p r o vi d e s  

a s o ut p ut  a s et of  m e a s u r e s  w hi c h  r efl e ct t h e s uit a bilit y of  t h e st r u ct u r e f o r a  

p a rti c ul a r  a p pli c ati o n  a n d st yl e of  i m pl e m e nt ati o n.

2.  T h e  h e u ri sti c  p r o g r a m  f o r t h e d e si g n  of  fi nit e w o r dl e n gt h  U E W D F s  n e e d s  t o 

b e d e v el o p e d f u rt h e r. T h e  effi ci e n c y of  t h e p r o g r a m p r e s e nt e d m a y  b e  

i m p r o v e d b y  d e si g ni n g  m o r e  effi ci e nt c o d e a n d i n c o r p o r ati n g o pti mi z ati o n  

t e c h ni q u e s. A f u rt h e r u s e r d efi n e d v a ri a bl e r e p r e s e nti n g c o effi ci e nt  

w o r dl e n gt h  s h o ul d b e  i n c o r p o r at e d t o m a k e  t h e p r o g r a m  m o r e  v e r s atil e  f r o m 

t h e p r a cti c al  vi e w p oi nt.
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O pti mi z ati o n  p r o c e d u r e s  s h o ul d b e  i n c o r p o r at e d i nt o t h e p r o g r a m s  f o r t h e 

d e si g n  of  l atti c e W D F s  b a s e d  o n c a s c a d e d u nit el e m e nt s a n d L C  l a d d e r 

n et w o r k s  i n o r d e r  t o m a k e  t h e m m o r e  s uit a bl e f o r fi nit e w o r dl e n gt h  d e si g n.

T h e s e  d e si g n  p r o g r a m s a n d d e si g n  p r o g r a m s f o r ot h e r st r u ct u r e s m a y  b e  

i n c o r p o r at e d i nt o t h e s oft w a r e s y st e m di s c u s s e d  i n 1.  A  v e r y  u s ef ul  a d diti o n  

t o t h e d e si g n  s uit e w o ul d  b e  p r o g r a m s  f o r t h e d e si g n  of  p h a s e  e q u ali z e r s.  T hi s  

w o ul d  all o w t h e d e si g n of li n e a r p h a s e H R  filt e r s b y c a s c a di n g a filt e r 

s ati sf yi n g a  p a rti c ul a r  m a g nit u d e  r e s p o n s e wit h  a filt e r w hi c h  h a s  t h e f u n cti o n 

of  p h a s e  e q u ali zi n g.

3.  D et ail e d  V L SI  d e si g n  of  t h e a r c hit e ct u r e  of  c h a pt e r 7  s h o ul d b e  c a r ri e d o ut.  

O pti m u m  pi p eli ni g  s c h e m e s f o r t h e t w o p o rt  a d a pt o r  s h o ul d b e  e x a mi n e d  i n 

t h e c o nt e xt of a p a rti c ul a r m et h o d  of i m pl e m e nt ati o n a n d p e rf o r m a n c e  

m e a s u r e s  n e e d  t o b e  o bt ai n e d. A p pli c ati o n  a r e a s s h o ul d b e  i d e ntifi e d a n d  

a p p r o p ri at e  c ell s of  v a r yi n g  s p e e d s a n d  c o m pl e xiti e s s h o ul d b e  d e si g n e d  a n d  

u s e d  t o f o r m p a rt  of  a  st a n d a r d c ell s y st e m. Si mil a r  t r e at m e nt i s r e q ui r e d f o r 

t h e a r c hit e ct u r e of  c h a pt e r 8.

4.  F r o m t h e p r e c e di n g  di s c u s si o n a n d t h e w o r k  p r e s e nt e d  i n t hi s t h e si s, a  

f r a m e w o r k f o r t h e c o m p ut e r ai d e d  d e si g n  of  V L SI  s y st e m s f o r i m pl e m e nti n g 

di git al  filt e r s c a n b e  d efi n e d.  E s s e nti all y,  t hi s w o ul d  c o m p ri s e t w o l e v el s. At  

t h e hi g h e r  l e v el, f a ciliti e s t o ai d t h e d e si g n e r  i n c h o o si n g a p a rti c ul a r  filt e r 

st r u ct u r e w o ul d  b e p r o vi d e d. O n c e  s el e cti o n i s c o m pl et e, a r a n g e of  

a r c hit e ct u r e s  i n t h e f o r m of  st a n d a r d c ell s w o ul d  b e  a v ail a bl e  t o t h e d e si g n e r  

at  t h e l o w e r l e v el. T h e s e  w o ul d  t h e n b e  u s e d  t o ’b uil d ’ t h e r e q ui r e d filt e r. 

T w o  n o v el  a n d effi ci e nt  a r c hit e ct u r e s w hi c h  m a y  b e  u s e d  i n t hi s w a y  h a v e  

b e e n  p r e s e nt e d  i n t hi s t h e si s.

F u rt h e r  w o r k  i s n e c e s s a r y  i n d e si g ni n g  si mil a r a r c hit e ct u r e s  f o r i m pl e m e nti n g 

W D F s  w hi c h  a r e b a s e d  o n  p a s si v e  filt e r s c o m p ri si n g r e s o n a nt ci r c uit s. T hi s  

w o ul d  all o w  t h e r e ali z ati o n of  W D F s  wit h  elli pti c  r e s p o n s e s. A r c hit e ct u r e s  f o r 

ot h e r st r u ct u r e s w hi c h  a r e k n o w n  t o b e of  p r a cti c al  v al u e s h o ul d al s o b e  

i n c o r p o r at e d. It i s i m p o rt a nt t o e n s u r e t h at i n t h e d e si g n  s y st e m p r o p o s e d,  
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a d diti o n  of  n e w  c ell s s h o ul d  b e  a  si m pl e p r o c e s s  s o t h at t h e li b r a r y of  c ell s c a n  

b e  c o nti n u all y u p d at e d.

5.  I n di git al  filt e r s, t h e p o siti o n s  of  t h e d el a y s  m a y,  i n eff e ct, f o r m a pi p eli n e.  

T hi s  i s a d e si r a bl e  f e at u r e b e c a u s e  g e n e r all y  s u c h pi p eli ni n g  e n s u r e s a hi g h  

s a m pli n g r at e. Pi p eli ni n g  of  t hi s f o r m m a y  b e  o bt ai n e d  b y  i n cl u di n g a d diti o n al  

d el a y s  a s w a s  d e m o n st r at e d  i n c h a pt e r 5.

I n m ulti pl e x e d  s c h e m e s, it h a s  b e e n s h o w n i n c h a pt e r s 4, 7 a n d 8 t h at 

pi p eli ni n g  of  t h e b a si c  s e cti o n i m p r o v e s t h e s a m pli n g r at e.

A  u s ef ul  a r e a  f o r f u rt h e r st u d y w o ul d  b e  t o e x a mi n e  di r e ct  i m pl e m e nt ati o n s - 

i. e. o n e  t o o n e  m a p pi n g  of  fl o w g r a p h o nt o  h a r d w a r e  - of  filt e r st r u ct u r e s  

w h e r e  t h e d el a y  el e m e nt  i s eff e cti v el y  ’s p r e a d ’ o v e r  t h e ot h e r  o p e r ati o n s.  I n 

e s s e n c e, a n u m b e r  of  pi p eli n e  r e gi st e r s a r e s p r e a d t h r o u g h t h e n et w o r k  i n 

s u c h a w a y  t h at t h e d el a y  o p e r ati o n  b e c o m e s  i m pli cit.

Cl e a rl y,  s u c h a  hi g hl y  pi p eli n e d  a r c hit e ct u r e  will  h a v e  a  hi g h  t h r o u g h p ut r at e  

b ut  t h e s a m pli n g  r at e will  b e  sli g htl y l o w e r t h a n i n t h e c a s e w h e r e  pi p eli ni n g  of  

t hi s f o r m i s n ot  e m pl o y e d. H o w e v e r,  n ot e  f r o m t h e di s c u s si o n  of  c h a pt e r 6  

t h at s u c h a n a r c hit e ct u r e w o ul d  b e a bl e t o p r o c e s s a n u m b e r of  si g n al s  

si m ult a n e o u sl y ( w h e r e t h e n u m b e r  i s d et e r mi n e d  b y  t h e r ati o of  pi p eli n e  

r e gi st e r s t o n u m b e r  of  d el a y s  i n fl o w c h a rt). S u c h  a filt e r w o ul d  b e  a p pli c a bl e  

i n sit u ati o n s w h e r e  t h e s a m e filt e ri n g o p e r ati o n  h a s  t o b e  p e rf o r m e d  o n  a  

n u m b e r  of  si g n al s, e. g.  n oi s e  r e m o v al o n  t h e o ut p ut  of  a  b a n k  of  a n al o g u e  t o 

di git al  c o n v e rt e r s.

T h e  a b o v e m et h o d  w a s  e m pl o y e d  i n t h e c o nt e xt of  a m ulti pl e x e d  s c h e m e i n 

c h a pt e r 5.  T hi s  t e c h ni q u e s h o ul d b e  f u rt h e r i n v e sti g at e d i n a wi d e r  c o nt e xt  

f o r a r a n g e of  st r u ct u r e s.

6.  Di git al  filt e r s h a v e  a wi d e  r a n g e of  a p pli c ati o n s [ 8 1]. W D F s  f o r a v a ri et y  of  

a p pli c ati o n s  i n c o m m u ni c ati o n s y st e m s h a v e  b e e n  r e p o rt e d p a rti c ul a rl y  i n t h e 

d e si g n  of  t r a n s m ulti pl e x e r s [ 8 2- 8 8].
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A requirement for high speed digital filters occurs in sigma-delta modulation 

systems [89-94]. These systems are used for analogue to digital conversion 

and are particularly relevant to VLSI systems because the analogue circuitry 

is simplified at the expense of speed of the digital section. Oversampling at 

very high speeds is carried out to shape the noise spectrum into a form which 

is proportional to the frequency squared up to the sampling frequency. The 

need arises for a high speed digital filter to remove noise at the higher 

frequencies before decimation of the sampling rate can be carried out. It 

would be very useful to obtain WDFs which require simple multipliers 

(powers of half) and provide the necessary rejection at the higher 

frequencies. High speeds with simple architectures is the main goal and 

equalization of the passband may be carried out at the lower sampling rate 

with appropriate WDFs.
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O-ZfTts UDR, 0. 3734 e -4 <6« 74 2-S e -4 O-7.OS-4 e-B

CAUS o-3747 E-4 o- <31 00 E-4 O’2CS5 e-3

cos 3 4 2-2- G-4 0*4742- e-4 0-2.12.7 £-3>

°-3 4$ UDR 0. 33SI e -4 O’ 7 47-G e-4 6' 2.1 <4. 2_ e-?.

AUS 0.3374 e 0 - 7466 e-4 0-2126 E “3

COS 0.36(5 £ -4 0 • 5 000 e-4 o.nS-9 £-3

©•3S(s U DR 0-3783 C-4 O < g2_8 1 E -4 0 • 17 s'2- £ ”3

onus 0-33(6, 0-4 0. ^372. e-4 O' I7S7 e -3

COS 0 ■ s’?e-4 °' 12-7 2. E-3 O’ 2.H 6 e -3

UDR o- s’4 11 e-4 0 . ( 2.2.1 G -1 0 ’ 7.14 2 E -3
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COS O-ZS44 £-4 <S ' 4 2.S4 E-4 O .8013 e-4
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LAOS o ■ S4 IS E-4 o • 3 4 2.2^ e -3 o - 4 g7i t ~3

cos ° • 4 7 4 3 E -4 O . 1 fo -2-4 (Z -_3 0-2234 G-3
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C AUS o • M 7 £ -4 o • 2-6 20 E -2 O-S2S2 G -3
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A  M E A S U R E  O F  H A R D W A R E  C O M P L E XI T Y  F O R  DI GI T A L  

FI L T E R S

F o r  a n y di git al  s y st e m, a m e a s u r e  of  t h e h a r d w a r e  c o m pl e xit y c a n b e  o bt ai n e d  b y  t h e 

n u m b e r  of  t w o-i n p ut g at e e q ui v al e nt s  m a ki n g  u p  t h e s y st e m.

Di git al  filt e r s a r e m a d e  u p  of  a d d e r s / s u bt r a ct o r s, d el a y s  a n d  m ulti pli e r s.  T h e  di git al  
filt e r s c o n si d e r e d i n t hi s t h e si s u s e  t h e 2 ’s c o m pl e m e nt n u m b e r  s y st e m.

T W O  I N P U T G A T E  E Q UI V A L E N T S  F O R  T H E  B UI L DI N G  B L O C K S

N ot e  t h at f o r o u r  p u r p o s e s,  t h e st a n d a r d ci r c uit s will  b e  a s s u m e d f o r t h e b uil di n g  

bl o c k s.

D E L A Y S

A  d el a y  i s a. s et  of  e d g e  t ri g g e r e d D-t y p e  fli p-fl o p s.

N u m b e r  of  D-t y p e s  =  n u m b e r  of  si g n al bit s.

N u m b e r  of  t w o i n p ut g at es  f o r M- bit  si g n al =  7.  M

A D D E R S / S U B T R A C T O R S  :-

A d d e r s  c o m p ri s e c a s c a d e s of  f ull- a d d e r s. B o ol e a n  e x p r e s si o n f o r f ull- a d d e r i s a s  

f oll o w s ;

S U M  =  ' A. B. C +  A. B. C  +  A. B. C  +  A. B. C  ( 1 4 t w o i n p ut g at e s)

C A R R Y  =  A. B  +  A. C  +  B. C  ( 5 t w o i n p ut g at e s)

T h e  s a m e ci r c uit ( di r e ct i m pl e m e nt ati o n of  t h e a b o v e e x p r e s si o n) c a n b e  u s e d  a s  

eit h e r  a d d e r  o r  s u bt r a ct o r.

N u m b e r  of  t w o i n p ut g at es  f o r M- bit  si g n al =  1 9. M



M U L TI P LI E R S  :-

T h e  m ulti pli e r  m o d el  u s e d  i n m e a s u ri n g  h a r d w a r e  c o m pl e xit y i n c h a pt e r 3 i s 

t h e si m pl e s hift a n d a d d t y p e a n d i s ill u st r at e d b el o w [ 9]. H e r e  M  i s t h e si g n al  
w o r dl e n gt h  a n d  N  i s t h e n u m b e r  of  n o n- z e r o  c o effi ci e nt bit s.

W e  will  a s s u m e t h at t h e a d diti o n of  t h e v al u e s  i n t h e c ol u m n s i s c a r ri e d o ut  

u si n g  ri p pl e c a r r y a d d e r s  of  t h e t y p e di s c u s s e d  p r e vi o u sl y.  I n t hi s c a s e, t h e n u m b e r  

of  f ull- a d d e r st a g e s r e q ui r e d a r e M. N.

N ot e  t h at i n t hi s m o d el,  t h e e xt r a  ci r c uit r y  r e q ui r e d t o h a n dl e  t h e si g n bit  i n 2 ’s  

c o m pl e m e nt a rit h m eti c i s i g n o r e d. T h e  i m p o rt a nt p oi nt  i s t h at t h e m ulti pli e r  i s 

a s s u m e d  t o b e  N  ti m e s m o r e  c o m pl e x t h a n t h e a d d e r w h e r e  N  i s t h e n u m b e r  of  

n o n- z e r o  c o effi ci e nt bit s.

T h e  n u m b e r  of  t w o i n p ut g at es  r e q ui r e d f o r a  m ulti pli e r  wit h  a n  M- bit  si g n al 

a n d  N- bit  c o effi ci e nts is t h e r ef o r e 1 9. M. N.

1 bl b 2 b 3 b M

2 bl b 2 b 3 b M

3 bl b 2 b 3 b M

N bl b 2 b 3 b M

I L L U S T R A TI O N O F  S HI F T- A D D  M U L TI P LI E R

- 2 6 4 a-
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figure Cl: generation of coefficients which lie on a convex curve

The method used for generation of coefficient values which lie on a convex curve is illustrated in 
figure Cl. The procedure used is as follows :

(i) select al value.

(ii) select a2 value greater than al value.

(Hi) select a3 value greater than a2 value but less than or equal to (a2-al)+a2.

(iv) select a4 value greater than a3 value but less than or equal to (a3-a2)+a3.

(v) select a5 value greater than a4 value but less than or equal to (a4-a3)+a4.

The steps (i) to (v) are repeated in sequence for all possible values of al, a2, a3, a4, a5.
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