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ABSTRACT 

I n  this paper a new implementation of 
FIR and I I R  f i l t e r  t r a n s f e r  func t ions  is 

DERIVATION OF THE STRUCTURALLY PASSIVE 
FORM 

presented t h a t  is s t r u c t u r a l l y  passive 
and, hence, has very l o w  pass-band 
s e n s i t i v i t y .  This implementation is based 
on a r e c e n t l y  introduced common s t r u c t u r e  
f o r  r ecu r s ive  d i s c r e t e  transforms C l  3 .  
This s t r u c t u r e  c o n s i s t s  of d i g i t a l  
resonators  i n  a feedback loop. I t  is shown 
t h a t  by l o c a t i n g  t h e  resonator poles 
properly,  t h e  p a s s i v i t y  of t h e  feedback 
loop can be e a s i l y  guaranteed. 

I n  this paper w e  w i l l  concentrate  on 
t h e  t ime-invariant vers ion of t h e  common 
t r a n s f o r m r  s t r u c t u r e  C s e e  Fig.13. and for 
s i m p l i c i t y  w e  do not consider t h e  case of 
mult iple  resonator poles. thus  WI have i n  
every channel of t h e  s t r u c t u r e  as an 
i n te r  nal t r  ansf er f unct i  on 
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INTROWCT1O)S 

Recently a common s t r u c t u r e  for 
r ecu r s ive  discrete transforms has been 
suggested Cll which seems t o  be s u i t a b l e  
t o  f o r m  a Cpossibly V L S I  implemented) 
common bas0 f o r  every l i n e a r  
f il t a r i n g - l i  k e  s igna l  process1 ng 
operation. The de r iva t ion  of t h i s  
s t r u c t u r e  and its parameters is based on 
t h e  s t a t e -va r i ab le  formulation. and t h e  
r e s u l t s  of t h e  observer theory C21, while 
its a p p l i c a b i l i t y  t o  FIR and I I R  f i l t e r i n g  
operations comes f r o m  t h e  gene ra l i za t ion  
of t h e  "frequencyrampling" mcthod C31. 
The b l a c k  diagram of t h e  s t r u c t u r e  is 
given i n  Fig.1. This s t r u c t u r e  is based on 
d i g i t a l  resonators  embedded i n t o  a 
f e e d b a c k  loop. Due to  this feedback, t h e  
proper ti es of t h i  s s t r u c t u r e  subs t an t i  all y 
d i f f e r  f r o m  that of t h e  well-known 
Lagr ange or "f r equency-sampl i ng" 
s t r u c t u r e s  C3.41. 

I n  t h e  next s ec t ion .  t h e  poss ib l e  
resonator pos i t i on ing  startegies are 
inves t iga t ed ,  and a simple condi t ion is 
derivrd.  which guarantees t h e  p a s s i v i t y  of 
t h e  feedback loop. I t  is also shown that 
by applying appropr i a t e  quan t i za t ion  
s t r a t egy .  even t h i s  s t r u c t u r e  is able t o  
suppress zero-input l i m i t  cycles. 

I n  t h e  last s e c t i o n  some aspects of 
d i g i t a l  f i l ter  implemcrrtations based on 
this new s t r u c t u r e  are considered. 

which is usua l ly  a funct ion of complex 
c o e f f i c i e n t s  having a pole on t h e  u n i t  
circle. The global transfer func t ion  for 
every channel has t h e  form of 

HmC z> 
, m 4 . 1 , .  . . .N-1. C23 'mC2'= N-1 

1 + HnCz3 
n39 

while t h e  overall transfer funct ion of an 
FIR or I I R  f i l t e r  based on this s t r u c t u r e  
can be wri t t en  i n  t h e  following f o r m  

N-1 
d+ E wmHmCz3 

N-1 m=O 
HC 23 d+ C wm-d3 TmC 23 N-l . c3> 

mrO l+ E HnCz> 
n=O 

I n  t h i s  paper w e  w i l l  suppose t h a t  t h e  
poles  and zeros  of HCz3 are real numbers 
or occur i n  complex conjugate  pairs,  and 
as usual , even d is a real number. 

I t  is a very i n t e r e s t i n g  property of 
t h i s  s t r u c t u r e  t h a t  a t  t h e  resonator pole 
pos i t i ons  

HCzm3=wm. m-0.1 . . . . N - l ,  c 43 

from which w e  can daduce t h a t  t h e  
s e n s i t i v i t y  of t h e  t r a n s f e r  func t ion  a t  
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z=z is ze ro  with respect t o  MY H n C z > ,  wn 
and zn Cn4 .1 ,  ... . N - l >  except t h e  n=m 
case. This property is due t o  t h e  i n f i n i t e  
loop ga in  at  these  f requencies  providing 
complete independency of the  c o e f f i c i e n t s  
within t h e  f r r d h r c k  loop. The d e t a i l e d  
c o e f f i c i e n t  s e n s i t i v i t y  formulas are 
presented elsewhere CSJ. 

I t  is very important t o  no te  t h a t  t h i s  
common feedback implements a perfect 
pole-zero cance l l a t ion  mechanism. The 
pa les  i n  C l > .  which are not necessa r i ly  
loca ted  on t h e  u n i t  circle i n  a general  
case, w i l l  be transformed by t h e  feedback 
loop i n t o  zeros. which automatically.  and 
p e r f e c t l y  cancel t h e i r  "generators" i n  
expression C 3 3 .  This is t h e  reason why t h e  
app l i ca t ion  of idea l  resonators does not 
cause implementational problems. s i n c e  
every resonator pole is cance l led  by a 
zero  generated by t h e  overall common 
feedback f r o m  t h e  very sa" resonator 
pole, and t h i s  is t r u e  even i f  
implementational errors occur. 

The design of t h e  filter parameters 
for t h i s  s t r u c t u r e  is rat her 
s t ra ight forward .  If t h e  resonator 
pos i t i ons  are known. t h e  weighting 
c o e f f i c i e n t s  are given by C4>, while i f  
<pn>. nrO, l , . .  . .N-1. are t h e  poles of t h e  
f i 1 ter 

m 

-1 N-1 
n c1 - PnZm 2 

nrO 
N-L 

n=O 

-1 n C 1  - znzm > 
c s> 

see C 4 3 .  The resonator poles, a t  tho p r i c e  
of so- redundancy. can be loca ted  
a r b i t r a r i l y .  Excel lent  pass-band behavior 
can be achievrd i f  t h e  resonator poles are 
d i s t r i b u t e d  i n  t h e  pass-band. For e l l i p t i c  
filters, to  provide good stop-band 
behavior. and spare uei g h t i  ng 
c o e f f i c i e n t s ,  t h e  resonator poles can be 
loca ted  to t h e  t ransmission zero positions 
of t h e  filter transfer function. A very 
useful pole pos i t ion ing  s t r a t e g y  can be 
derived. if we i n v e s t i g a t e  t he  transfer 
func t ion  from t h e  input  to point P C s e e  
Fig. l> 

N-1 
HnCz> 

nrO 
C 6> 

I t  is easy  to  show that t h e  magnitude of 
t h i s  t r a n s f e r  func t ion  is less or equal to  
t h e  u n i t y  C i . e .  i t  is passive i n  t h i s  
sense>. i f  

N-1 

noO 
Re HnCz> 1 - f . c 7> 

Condition C 7 >  can be f u l f i l l e d  at every  
frequency. i f  

g, = zmrm , mrO.l. ... .N-1.  

where rm is a real constant. and 

C 8> 

C Q> 

I n  F ig .2  we present  two simple 
second-order sections. which 
" s t ruc tu ra l ly"  force t h e  fu l f i lmen t  of 
condi t ion  C 8 > .  I t  is important to n o t e  
t h a t  t h e s e  second-order s e c t i o n s  implement 

GmC2> = wmHmCz> + wmHmCZ> * *  c10> 

where a s t e r i s k  denotes  a complex 
conj ugate. 

If i n  CQ> e q u a l i t y  holds, HpCz> 

implements an all-pass f i l t e r .  and if so. 
w e  know even its zeros. s i n c e  t h y  are i n  
mirror image r e l a t i o n s h i p  with t h e  pol- 
of H C z > .  This proper ty  is t h e  key t o  t h e  
determinat ion of those  resonator pole 
pos i t i ons  which wi l l  provide t h e  above 
proper t ies .  These pos i t i ons  co inc ide  with 
t h e  zeros of l-HpCz>,  s i n c e  t h e  inpu t  of 

t h e  resonators  C s e e  po in t  C i n  Fig.13 is 
t h e  d i f f e rence  of t h e  filter input  and t h e  
output a t  point P. W e  wi l l  have two sets 
of resonator poles, s i n c e  t h e  f i l ter  poles 
do not s p e c i f y  t h e  s i g n  of €#,Cz>. 

If t h e  number of resonator poles 
equals  t h e  number of t h e  filter pOlc+. 
HpCz> CM not be an all-pass transfer 
function. because it is forced  to  havs a t  
least one ze ro  at  t h e  o r i g i n ,  otherwise 
t h e  loop  would be delay-free. me 
resonator pole pos i t i ons ,  however, can be 
determined r a the r  s i m i l a r l y  by f ind ing  t h e  
zeros of l-HACz>.  where HACz> is an 
all-pass funct ion  having t h e  sa- poles as 
t h e  f i l ter  has. These resonator poles m e e t  
condi t ion  C 8 > .  and one of t h e  two 
resonator pole sets w i l l  i n s u r e  also t h e  
fu l f i lmen t  of condi t ion  CO>. 

If condi t ions  C 8 >  and CO> are 
f u l f i l l e d .  t h e  transfer func t ion  HpCz> is 
P bounded real CBIU, or i f  it is all-pass, 
lossless bounded real CUR3 transfer 
funct ion  C 6 . 7 3 .  As it is shown i n  t h e  
l i t e r a t u r e  Ce.g. Cb,7.81>. t h e  BR C o r  LBR) 
property promises l o w  s e n s i t i v i t y  i n  t h e  
pass-band. and i f  appropr i a t e  quant iza t ion  
s t r a t e g y  is appl ied ,  even t h e  zero-input 
l i m i t  cycles can be avoided. If t h e  
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c o e f i c i e n t s  <rm>, moO.1,. . . .N-1. are 
pos i t i ve ,  and f u l f i l  condi t ion CB>. and 
t h e  magnitude of al l  t h e  other  
Cnontrivial3 c o e f f i c i e n t s  is less or equal 
to t h e  uni ty .  both s t a b i l i t y  Cin t h e  
l i n e a r  sense>.  and t h e  boundedncss 
property are guaranteed. The zero-input 
l i m i t  cycles w i l l  be suppressed, i f  t h e  
Curtavoidable3 quan t i ze r s  are placed t o  t h e  
"entrance" of t h e  delay elements. and 
"magnitude t runcat ion" s t r a t e g y  is app l i ed  
C s e e  Fig. 33. 

Figure 1. The suggested conumn s t r u c t u r e  

To t h e  common 
feedback 

2 Rewm 

a. m -I mwm si np 

To t h e  common 
feedback 

Figure 3. m e  proper pos i t i on  of t h e  
quant izer  

As it  is clear from C 3 > ,  t o  implement 
an a r b i t r a r y  FIR or I I R  f i l t e r .  only 
appropriate  t a p s  should be added t o  t h e  
s t r u c t u r e  descr ibed by HpCz> C s e e  Fig.13. 

Since t h e s e  t a p s  do not i n f luence  t h e  
behavior of t h e  feadback loop, t h e  n i c e  
p rope r t i e s  mentioned above. w i l l  not  be 
d e s t  r o w .  

For an FIR f i l t e r  t h e  poles of HpCz> 
are placed t o  thr or ig in .  If w e  force t h e  
fu l f i lmen t  of e q u a l i t y  i n  condi t ion CQ3, 
w e  w i l l  g e t  t h e  r ecu r s ive  Fourier 
transformation s t r u c t u r e  presented i n  C l  3 
t h a t  g ives  b a c k  t h e  "frequency-sampling" 
method f o r  FIR f i l t e r  design. 

Concentrating on t h e  " t im~- inva r i an t "  
v r r s i o n  of t h e  conumn s t r u c t u r e  fo r  
r ecu r s ive  d i s c r e t e  transforms C s e e  Fig. 13,  
which can be considered t o  be a one inpu t ,  
N output d i g i t a l  f i l ter ,  i t  is easy  t o  
show, t h a t  t h e  condi t ion of t h e  s t r u c t u r a l  
boudednrsr property is t h e  f u l f i l n v n t  of 
C 8 > ,  and 

rc 

N-1 N-1 e 
*cosp,., Rew, 2 : r m * N X r m = 1 ,  C l l >  

m - 0  mPO 
Y 

1 which means, t h a t  rm=G. m=O. l , .  . . .N-1. and 
thus  t h e  d i s c r e t e  Fourier trrnsf or m a t i  on 
is t h e  on ly  t ransformation t h a t  can be 
implemented r e c u r s i v e l y  i n  a s t r u c t u r a l l y  
bounded manner using t h e  "time-invariant" 
vers ion of t h e  proposed Structure .  

-si np,, , 
2-1 : -t> 

1 nput " 

r 
b 
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UTILIZATION OF THE NEW SI'RUCTURE 

The proposed s t r u c t u r e  can be appl ied 
F i g m e  2. Second-order resonator s r u c t u r e s  i n  a wide v a r i e t y  of forms. One form is 

t h e  d i r e c t  u t i l i z a t i o n  of t h e  common 
s t r u c t u r e  C s e e  Fig. 11 having as i n t e r n a l  
bui lding blocks t h e  second-order s e c t i o n s  
suggested i n  Fig.2. 

b. 

c z ,,,=e' Qm> 
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A n  a l t e r n a t i v c  u t i l i z a t i o n  can be t h e  
implementation of t hose  filters. which are 
based on p a r a l l e l  connection of a l l -pas s  
filters C8.91. 

Obviously simple f i rs t -  and 
second-order bui lding blocks can also be 
implemented. and if t h e  s t r u c t u r e  
o u g g e s t d  i n  Fig.2.a  i o  r p p l i d .  t h e  
second-order s e c t i o n  obtained w i l l  be 
canonic concerning t h e  non t r iv i a l  
mu1 ti pl i ca t ions .  The s t r u c t u r e  suggested 
i n  Fig.2.b is e s s e n t i a l l y  t h e  well-known 
coupled-form C103, t h a t  pormises lower 
roundoff no i se  a t  t h e  p r i c e  of add i t iona l  
mu1 t i p l i c a t i o n s .  

coNcLusIoNs 

I n  t h i s  paper a simple condi t ion of 
s t r u c t u r a l  p a s s i v i t y  has  been der ived f o r  
d i g i t a l  f i l ters  c o n s i s t i n g  of d i g i t a l  
resonators  i n  a common feedback loop. Due 
to t h i s  s t r u c t u r a l  p a s s i v i t y  t h e  s t r u c t u r e  
obtained has very l o w  pass-band 
sens i  ti vi  t y , and. by appl y i  ng appr opr i ate 
quant izat ion s t r a t e g y .  suppresses 
zero-input l i m i t  cycles. 
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