
1992 IEEE FREQUENCY  CONTROL  SYMPOSIUM 

OPTIMAL AND SUBOPTIMAL SYNTHESIS OF SURFACE  ACOUSTIC WAVE FILTERS 

A. S .  RUKHLENKO 

Department  of  Radioelectronics 
Minsk Radioengineer ing   Ins t i tu te  

P. Brovka S t r e e t ,  6 ,  Minsk 220027 Republic  of  Belarus, CIS 

Abstract  

Optimal  and  suboptimal  design  techniques  of 
su r f ace   acous t i c  wave (SAW) l i n e a r   p h a s e   f i l t e r s  
both  based on t h e  Remez exchange  algorithm  and  the 
McClellan’s  computer  program are considered. 

An opt imal   synthesis   provides   the  best  f i t   t o  
a d e s i g n   t a r g e t  and  leads  to  an  apodized  interdi-  
g i t a l   t r a n s d u c e r  ( IDT)  of  minimal length.  The cp- 
t i m a l   s o l u t i o n   p r o p e r t i e s   a r e   s t u d i e d .  

A suboptimal  synthesis  technique  proposed  al-  
lows t o  reduce  considerably  an amount  of computa- 
t i ons   w i thou t   s ign i f i can t   s ac r i f i c ing   t he   approx i -  
mation  accuracy. Thus computer  run  time  and  stora- 
ge   a r e   g rea t ly   s aved   i f  compared t o  an  optimal 
s y n t h e s i s .  The detai led  subopt imal   theory  and some 
p rac t i ca l   des ign   a spec t s   a r e   a l so   d i scussed .  

The design  examples  are  presented which  con- 
f i r m   t h e   e f f i c i e n c y  and t h e   f l e x i b i l i t y  of t h e  
synthesis  techniques  proposed. 

In t roduct ion  

Severa l  SAW f i l t e r   s y n t h e s i s   t e c h n i q u e s   b a s e d  
on the   f in i te   impulse   response  (FIR) d i g i t a l   f i l -  
t e r   t h e o r y  C11 have  been  proposed i n   t h e   p a s t  
[2-153. The most wide sp read   a r e  1) t h e  windowing 
techniques C2-61, 2 )  t h e   l i n e a r  programming  tech- 
niques [ 7 -  101, and 3 )  t h e  Remez exchange  algo- 
r i thm  techniques [ l l - 1 5 1 .  A comprehensive  review 
of  these may be found  elsewhere [161.  

B u t  up t o  now t h e r e  have  been some problems 
in   apply ing   these   t echniques   to  a SAW f i l t e r  de- 
s ign.   That  is why t h i s  is a ccmmon p rac t i ce   t o   u se  
some s i m p l i f i c a t i o n s ,  sometimes  without  sufficient 
foundations.  For  example, it is u s u a l l y  supposed 
t h a t   w i t h i n  a f i l t e r  passband a c o n t r i b u t i o n  F i ( o )  
of  an  unapodized IDT t o   t h e   o v e r a l l   f i l t e r   t r a n s -  
f e r   f u n c t i o n  F ( o ) = F i ( o ) F Z ( w )  is n e g l i g i b l e ,   i . e .  
Fl(w)=l. Then the   f i l t e r   f r equency   r e sponse  (FR) 
F ( w ) Z F 2 ( o )  depends on the   func t ion  F z ( o )  o n l y ,  and 
consequent ly   within  the limits of the   &-funct ion  
model 122,233 a SAW f i l t e r   s y n t h e s i s  becomes equi- 
v a l e n t   t o  a FIR d i g i t a l   f i l t e r   s y n t h e s i s  [ l ] .  
Unfo r tuna te ly ,   t h i s  is the   on ly  case t o   a p p l y   t h e  
techniques  above  without  any  adaptations. 

Fur ther ,   whi le   in   the   passband  the   ro l l -of f  
of t h e   o v e r a l l   f u n c t i o n  P(w) due to   t he   f r equency  
response  Fl(o)  might  easily  be  compensated by a 

p rope r   p red i s to r t ion  of t h e   d e s i r e d  magnitude 
func t ion  F o ( a ) ,  t h i s  is n o t   t h e   c a s e   i n   t h e   f i l t e r  
stopband where the   func t ion  is usua l ly   s ign-  
a l t e r n a t e d .  

I t  is yet shown in   the   paper  how an   o r ig ina l  
SAW f i l t e r  FR approximation  problem may be conver- 
t e d   t o  an a u x i l i a r y  one by a proper  modifying of 
both: a desired  magnitude  function F O ( ~ )  as   wel l  
as a weight  function Wo(o). An auxi l ia ry   approxi -  
mation  problem is so lvable  by means of s tandard  
l i n e a r  Chebyshev  approximation  techniques  using 
t h e  Remez exchange  algorithm by v i r t u e  of t h e  
McClellan’s  computer  program C181 f o r  example.  In 
a d d i t i o n   t o  a frequency  response F1 (01, both  an 
element   factor  C24-261 and a mul t i s t r ip   f requency  
response [231 might   a lso be accounted  for   i f  ne- 
cessary. 

An opt imal   synthesis   provides   uniquely  the 
b e s t   f i t   t o  a d e s i g n   t a r g e t  and l e a d s   t o  an  apodi- 
zed IDT of  minimal  length. B u t  i t s  drawback is a 
considerable  amount of  computations  due t o  a l a r -  
ge number of optimized  variables (OV) even i f  one 
uses  an  efficient  McClellan‘s  program.  There  have 
been some e f f o r t s   t o   a c c e l e r a t e   t h e   a l g o r i t h m  
convergence [20 ,211 ,  but   the  results ob ta ined   a r e  
n o t   s u f f i c i e n t   f o r  a real- t ime  design.  

To Overcome t h i s  problem a suboptimal SAW 
f i l t e r   s y n t h e s i s   t e c h n i q u e   a l s o   b a s e d  on t h e  
McClellan’s  computer  program C181 is proposed  in 
the  paper .  While  maintaining  optimal  synthesis  ge- 
n e r a l i t y  and f l e x i b i l i t y ,   t h e   l a t t e r   c o n s i d e r a b l y  
reduces an OV number and  hence  the  storage  and  the 
computation  t ime.The  detailed  suboptimal  synthesis 
theory and some p rac t i ca l   des ign   a spec t s  will be 
discussed.  

1. SAW Filter Optimal  Synthesis 

1.1. Optimal  Approximation  Problem 
Formulation  and  Solution 

The SAW f i l t e r   t o  be designed  consis ts  of two 
l inear   phase IDT. Frequency  response Fi(<0)  of one 
of them is supposed t o  be given a pr ior i   whi le   the  
o t h e r ’ s  F 2 ( ~ )  is optimized  providing a Chebyshev 
(minimax)  approximation of t he   des i r ed  magnitude 
shape   func t ion  Fo(c ,>) .  Another  case,   where  the  f i l-  
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ter c o n s i s t s  of  two apodized IDT t o  be opt imized,  
is beyond the  scope of t h i s   pape r  and is t r e a t e d  
separately  [12,27-291.  

There  are  no c o n s t r a i n t s  on a magnitude  shape 
func t ion  Fo(w) imposed. I t  may be symmetrical, 
non-symmetrical,  multipassband  etc.  15,17 1. 

A weighted  error   funct ion AF(w)  can be w r i t t e n  
i n   t h e  form 

AF(w)=W,(o)[Fo(w)-F(G,)3 (1) 

where Wo(w)>O is a posi t ive-def ined  weight   funct i -  

descr ibes  a l inear   phase  SAW f i l t e r  FR, wi th   t he  
func t ions  FL ( W ) ,  i = 1 , 2 ,   b e i n g   a t t r i b u t e d   t o   t h e  
IDT a r r a y   f a c t o r s  and the   func t ion  

r ( w ) = e i ( w ) e 2 ( ~ ) c , ( ~ )  

account ing  for  IDT element   factors  <,(a) and f 2  
C24-263 and mul t i s t r ip   coup le r  FR f 3 ( a )  C231 
necessary.   Hereafter we suppose f - (o )= l  f o r  simp- 
l i c i t y .  

m 

I t  follows  from  the svmmetrv r e l a t i o n s   f o r  a 
l inear   phase  IDT t h a t   t h e   a r r a i   f a c t o r s  FL ( W ) ,  

i=1 ,2 ,   can   t ake   one  of the  four   fol lowing  forms:  
n. 

f o r  an odd number NL=2nL+1 ( 4 )  

where p=nw/on, on= u/2p is a synchronism  frequen- 
cy,   wi th  0 being a SAW v e l o c i t y  and p being  an IDT 
period,  and N is a t o t a l  number of t h e  IDT 
acous t i ca l   sou rces   (gaps   o r   e l ec t rodes ) ,   w i th  amp- 
l i t u d e s  Ao=ao and A t k =  (ak?  b,)/2,  k d ,   i f  numbe- 
r e d   r e l a t i v e l y   t o   a n  IDT c e n t e r .  

In   the   quas is ta t ic   approximat ion  E231 t h e  
element   factors  rL ( W ) ,  i=1 ,2 ,   a r e   desc r ibed  by t h e  
expression [24-261 

= $ 2  

1 gap-weighted IDT 
r L ( v ) =  

electrode-weighted IDT 
where 

dimensionless  frequency  variable;  
v = w / p  be ing   me ta l l i za t ion   r a t io ;  
e lec t rode   wid th   and   per iod   (p i tch) ;  
Legendre polynom of an  order   n;  
Legendre  function; 
s p a t i a l  harmonic number (n<v<n+l) .  

The approximation  problem  can be s t a t e d   a s  
fol lows:   given a desired  magnitude  function F,(a) 
and a weight  function  Wo(o),  one  wishes  to  minimi- 
ze the   absolu te   weighted   e r ror   func t ion  

d = / / A F ( o )  l l = m a x / A F ( w )  I (7 1 
a€n 

within  an  approximation  interval On= {-CO,w 1 } 
over   the  set  of c o e f f i c i e n t s  of the  optimized 
func t ion  Fa (0). 

A f e a t u r e  of the  approximation  problem  above 
is a mul t ip l i ca t ive   na tu re  of the  approximating 
func t ion  F ( w )  given by the   express ion  ( Z ) ,  with 
the   func t ion  F,(o) s ign-a l te rna ted   in   genera l   ca-  
se. Unfortunately,  the  McClellan's  computer  prog- 
ram [l81  can  not  be d i r e c t l y   a p p l i e d   t o   s o l v e   t h i s  
problem,  with  the  only  exception of a spec ia l   ca se  
C (o)Fi(w)=l. 

Instead of t h e   i n i t i a l  problem ( 1 ) - ( 7 )  l e t  us 
c o n s i d e r   a n   a u x i l i a r y   o n e   w i t h   a n   e r r o r   f u n c -  
t i o n  

lT 

n 

A F ( ~ ~ ) = s ~ ~ ~ ~ { F ~ ( ~ ) ~ A F ( ~ ) = W ~ ( ~ ) C F ~ ( ~ ) - F ~ ( ~ ) I  ( 8 )  
where 

Wo(0)=Wo(w) l C ( o ) F i ( o )  I ( 9 )  

Fo(w)=Fo (a) / le (a) F, ( W )  I (10) 

One must be c a r e f u l   t o   o m i t   i n   ( 8 ) - ( 1 0 )   t h o s e  
f requencies  aL a t  which (o)F i(o)=O. The func t ion  
e (W)  is usua l ly  monotone within R n ,  t he   po in t s  aL 

being  zeros of t he   s ign -a l t e rna ted   func t ion  F l ( w )  

only.  A t  these   f requencies   an   e r ror   func t ion  AF(a) 
t akes   the   f ixed   va lues  AF(wL)=Wo(w, ) F o ( a L ) ,  and 
the   approximat ion   might   fa i l   i f   the   des i red   func-  
t i o n  F o ( a L  )*Cl. For tuna te ly ,   i f  a l l  t h e   p o i n t s  wL 

are loca ted   i n  a f i l t e r   s t o p b a n d ,  where Fo(")=O, 
t hen   t he   e r ro r   func t ion  AF(oL) is  a l s o   e q u a l   t o  
zero.   Therefore ,   there  is no need t o  minimize  an 
e r r o r   a t   t h e s e   p o i n t s  and the i r   omi t t ing   does   no t  
influence  an  approximation  accuracy. 

Now an  auxiliary  approximation  problem  with 
an   e r ro r   func t ion  Ki',(o) may be solved on a subse t  
nn=C-[O , a n ] ,  e a L )  by any l i n e a r  Chebyshev  appro- 
ximation  technique [7-191. The McClellan's compu- 
t e r  program E181 can easily be app l i ed ,   w i th   t he  
i n i t i a l   d a t a  changed  according  to  the  formulae ( 9 )  
and ( 1 0 ) .  

An opt imal   solut ion  obtained  has  some i n t e -  
r e s t i n g   p r o p e r t i e s   t h a t  will be discussed below. 

1 .2 .   Opt imal   Solut ion  Propert ies  

Due to   op t ima l i ty  and  uniqueness  properties 
an  opt imal   solut ion  does  not  depend on the  opt imi-  
za t ion   technique   appl ied ,  would it be t h e  Remez 
exchange   a lgor i thm  or   the   l inear  programming. 

A f e a t u r e  of an  opt imal   solut ion is a behavi- 
our of an   e r ro r   func t ion  A F ( o )  wi thin a f i l t e r  
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s topband   r e su l t i ng   f rom  the   r e l a t ion  ( 8 )  and  from 
t h e  Chebyshev a l te rna t ion   theorem [ l ] .  According 
t o   t h i s   t h e o r e m ,   t h e   e r r o r   f u n c t i o n  AF(w)  and  hen- 
ce   t he   e r ro r   func t ion  A F ( w )  must e x h i b i t  on t h e  
subse t  0, a t   l e a s t  n,+l e q u i r i p p l e  extremuma,  with 
n, being  an  order of the  tr igonometric  polynomial 
Fp(a). On t h e   o t h e r  hand t h e  maximum number of t h e  
ove ra l l   f unc t ion  F ( w )  extremuma is defined by an 
order  n=nl+n,-l>n,  of  the  polynomial  product 
Fl(w)F2(.;). I t  is t h e   d i f f e r e n c e  between the   ex t -  
remuma number n and t h e   a l t e r n a t i o n  extremuma num- 
ber n, t h a t  makes it p o s s i b l e   f o r  some e x t r a  ext- 
remuma between two ne ighbour ing   equi r ipp le   a l te r -  
nat ion  ones  to   appear .  

Indeed ,   un l ike   the   usua l   a l te rna t ion   law,  
when two neighbour   equir ipple  extremuma are  always 
of the   oppos i t e   s igns ,  it follows  from (8)  t h a t  
two extremuma 1 and 2 (Fig.  1) must have t h e  same 
s ign   i f   an  odd order  real zero uL of the   func t ion  
F$(.;) is placed  between  them.  This r e s u l t s   i n  an 
e x t r a  extremum 3 of t he   oppos i t e   s ign  and of t h e  
lower  amplitude  to  appear  between extremuma 1 and 
2 in  the  neighbourhood of the  f requency ai. I t  is 
worth  not ing  that   even  order   real   zeros   or  comp- 
lex-valued  roots   of   the   funct ion Fl(o) do not vio- 
l a t e   t h e   h a b i t u a l   a l t e r n a t i o n  low. 

\ ,  
. I  
\I 

I ,  
I ,  
'2 

Fig. 1. Optimal  Solution  Error  Function N ( w )  
and  an  Arrangement of Zeros  and  Extre- 
muma of the  Funct ions F l ( w )  and F 2 ( w )  

Besides, it is such a special  arrangement  of 
zeros  and extremuma of t he   func t ions  F i ( w )  and 
F2(u) i n  a f i l t e r  s topband   t ha t   ensu res   t o  a l a r g e  
degree a s o l u t i o n   o p t i m a l i t y ,  extremuma loca ted   in  
the  neighbourhood of zeros  and  vice  versa.  

1 . 3 .  An Optimal  Synthesis  Design Example 

The opt imal   synthesis   technique was success-  
f u l l y   a p p l i e d   t o  a SAW f i l t e r   d e s i g n .   F i g .  2 shows 
an  example of the  opt imal  E R ,  wi th   the   curve  1 t h e  
FR fi ti (w)F i  ( W )  of the  unapodized IDT, the   cu rve  
2 the  FR fi t2 ( W ) <  (0) of  the  apodized IDT a f t e r  

opt imizat ion,   and  the  curve 3 the   ove ra l l   op t ima l  
magnitude  response F(w)=C (w)Pi(w)Fp(w). For c l a r i -  
ty,   the  polynomial  product Fl(w)P,(w) ( the   cur -  
ve 4 )  and the  gap-weighted  factor  (@)=G, (.;)<, ( W )  

( the   curve  5) are a l s o  shown toge ther   wi th   the  
f i l t e r  passband  r ipp le   ( the   curve  3) i n   F i g .  2b. 
The func t ion  C ( u )  f o r   t h e   m e t a l l i z a t i o n   r a t i o  
n = 0 , 5  was accounted  for  within a f i l t e r  passband 
only.   For  convenience,   the  frequency  characteris-  
t i c s  are p lo t ted   versus  a normalized  frequency 
.;/W* where wo is a f i l t e r   c e n t r a l   f r e q u e n c y .  An 
opt imal   so lu t ion  was obtained  using  the McClel- 
lan's  computer  program C181 a f t e r  a var iable   sub-  
s t i t u t i o n  ( 9 )  , (10). 

10 

0 

-10 

-M 

-M 

-B 

-50 

-68 

-m 
-Bo 

-90 
0.5  0.6 0.9 0.0 0.9 1.0 1.1 1.2 1.3 l.Y O/O, 

a )  magnitude  response 
IF I. 6 

b)  passband  r ipple 
Fig. 2 .  SAW Filter Optimal  Frequency  Response 

The des ign   spec i f ica t ions   a re   the   fo l iow-  
ing :   the  - 3  dB passband  width Awo/w,.25%, and t h e  
-3 / -40  dB shape   f ac to r  K.1.25. The IDT synchronism 
frequency is wn=200 tha t   cor responds  t o  IDT struc- 
t u r e s   w i t h   s p l i t t e d   e l e c t r o d e s  [301. The IDT e lec-  
t r o d e  numbers a r e  Ni=24 and N2=200 respec t ive ly .  
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As we can see from  Fig. 2 ,  the   outofband  a t -  
t enua t ion  is better than -60 dB and  the  passband 
peak-to-peak  r ipple is less than 0 , l  dB. 

The opt imiza t ion  was performed on the   d i sc re -  
t e  f requency  gr id   containing N =g43 po in t s   w i th  a 
d i s c r e t i z a t i o n   s t e p  bw 10. l a w ,  Ac*=2wn/NZ being 
frequency  sampling  interval .  

I t   t o o k  110 i t e r a t i o n s   t o   o b t a i n   a n   o p t i m a l  
solut ion,   the   computat ion  t ime  being 32 minutes on 
a personal  computer IBM PC/AT 286 with a math co- 
processor .  

9 

g 

2.  SAW Fil ter  Suboptimal  Synthesis  Technique 

2 . 1 .  Suboptimal  Approximation  Problem 
Formulation  and  Solution 

An opt imal   solut ion  provides   the  best  f i t   t o  
a des ign   t a rge t   w i th in  a total   approximation  in-  
t e r v a l  nn and  leads  uniquely  to  an  apodized IDT of 
minimal  length. B u t  t h e  most s e r i o u s  drawback of 
an   op t imal   synthes is  is  an  excessive amount  of 
computations. I t  is v e r y   d e s i r a b l e   t o   f i n d  some 
way to  reduce  an  optimized  variables (OV) number 
n, and  hence the  computation  t ime and t h e  memory 
s ize   needed.  With t h i s  aim a subopt imal   synthesis  
technique was e labora ted  which considerably  redu- 
ces   an  OV number w i t h o u t   s i g n i f i c a n t   s a c r i f i -  
cing  the  approximation  accuracy. 

The key point   of   the   subopt imal   synthesis  
technique  proposed is a s p l i t t i n g  of t he   func t ion  
F 2 ( a )  i n t o  two f a c t o r s  

F, ( W )  =F, ( W )  F 2(o) , (11) 

with   the   func t ion  P2(d) f ixed  and  chosen a p r i o r i  
and  the  function F z ( w )  of t he   o rde r  nz( n2 optimi- 
zed  within an approximation  subinterval  (Enn. 
Outs ide   the   subin te rva l  n approximation  accuracy 
depends  mainly on the   func t ion  F2(a) which must 
secure a su f f i c i en t   ou to fband   a t t enua t ion .  A syn- 
thesis   technique  of   such a wideband  window-type 
func t ion  P (W)  will be discussed some l a t e r .  

Rewriting  the  approximating  function F ( a )  i n  
t h e  form 

F (W)  =C (0) (0) F, (Q) , (12)  

where ( o ) = F 1  (a)P2 ( W ) ,  we no te   t he   func t ion  F ( w )  
t o  be of t h e  same s t r u c t u r e  (21 ,  but  with  the 
func t ion  Fi(w) replaced by the   func t ion  Fi(w) and 
the  opt imized  funct ion F , ( o )  of t he   o rde r  n, re-  
placed by the   func t ion  F Z ( w )  of the  order  n2<  n2. 
Therefore ,  a suboptimal  approximation  problem  with 
the  approximating  funct ion (12) can  be  converted 
t o  an   aux i l i a ry  one  and  solved  like  an  optimal  one 
considered  above,  with  an  order nz of the  optimi- 
zed  function F,(w) decreased. 

I - 

” 

- 1 

- 
” 

The Four i e r   coe f f i c i en t s  of t he   func t ions  

- 
F,(w) ,  P, ( W ) ,  and F2 (W)  a r e   r e l a t e d   v i a   t h e  convo- 
l u t i o n  Cl], t h a t   y i e l d s   t h e   r e l a t i o n  

-. - 
nz= n,+ n - 1. (13)  

The higher is the   o rde r  i2 of the   f i xed   func t ion  
P 2 ( w ) ,  the   lower is  the   o rde r  n, of the  optimized 
func t ion  F 2 ( ~ ) .  Hence it appears   des i rab le  t o  in- 
c r ease   t he   o rde r  i2 of the   func t ion  p 2 ( w )  un t i l   an  
approximation  accuracy  deteriorating. As a matter  
of f a c t  a subopt imal   solut ion is i n e v i t a b l y   i n f e -  
r i o r   i f  compared to   an  opt imal   one,   but  by a pro- 
per   choice of the   func t ion  p , ( ~ )  t h e   d i f f e r e n c e  
might be made neg l ig ib l e ,   w i th   t he  low order  func- 
t i o n  F, (W)  optimized. 

” 

Thus the   func t ion  P 2 ( w )  performs  here a two- 
f o l d   r o l e :   t o   d e c r e a s e  an OV number and t o   s e c u r e  
a t   t h e  same time a suff ic ient   approximation  accu-  
racy. 

2.2.  Window Function  Construction 

Let u s  suppose   tha t   the   func t ion  P 2 ( a )  t o  be 
constructed is completely  defined by the  Z-trans- 

form r o o t s  C11 zL=e a t   t h e   p o i n t s  w L d  a l l o -  
ca t ed   ou t s ide   t he   op t imiza t ion   sub in te rva l  (2 €0 

of the  width nuopt, where = i h ,  i = O , 1 , 2 ,  . , . , 
with Au=2wn/N2  being the  frequency  sampling  inter-  
val   (Fig.  3). Such a window-type func t ion  F,(u) is 
to   force   the   f requency   samples  

J P L  
OP 

OP 1 

” 
~ , ( w ~ ) = ~ ~ ( w ~ ) ~ , ( w ~ )  ( 1 4 )  

t o  be ze ro   ou t s ide   t he   op t imiza t ion   sub in te rva l  
nopt, while   the  other   f requency  samples   a t   the  
poin ts   op t imized .   I t   has  a b e l l - l i k e  mag- 
nitude  response,  its s ide lobes   rap id ly   decreas ing  
outs ide  nopt. 

Using  Z-transform  properties we can write 
p 2 ( z )  i n   t h e   f o l l o w i n g  form 

OPL 

( z - z J ( Z - z ; ) ,  z L # + l ;  
Di ( z ) =  (16)  

(z-zL), z L = + l  o r  2.1-1. 

The  window funct ion  P,(p) is a Z-transform 
J P  

F , ( z )  evaluated on t h e   u n i t   c i r c l e   z = e  . 
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The wider is t h e  bandwidth Ai3 of t h e   o p t i -  
miza t ion   subin te rva l   the   h igher  is a s top-  
band a t t e n u a t i o n  of t he   func t ion  F2(u) and t h e  
c l o s e r  is a subopt imal   solut ion  to   an  opt imal   one.  

opt 

' ;-.y 6 (O),,,,''\>; The number m of the  frequency  samples  to be o p t i -  
j . ,  mized is found  f rom  the  s imple  re la t ion 

Aw 
opt 

Ai3 
m = -1 = 32+1. (19) 

n 

For m ) 10-15 one  can  use  the  following  approxima- 
. . 3, t i o n   f o r   t h e  OV number ga in   es t imat ion  " 

: U  m h n2_ ...-%- opt 
W .  

(20)  
LA 

"2 "2 rL * - 0, 4 In  other   words,   the   gain  in   the OV number is 
roughly   p ropor t iona l   to   the   re la t ive   bandwidth  
A u ~ ~ ~ / " ~  of the   op t imiza t ion   sub in te rva l  nopt. 

The f u n c t i o n  P , ( o )  may a l s o  be constructed by 
another  way using a zero-extract ing  technique  as  
opposed t o  a z e r o - i n s e r t i n g  one above. 

Indeed,   an  equivalent   representat ion of t h e  
f u n c t i o n  F 2 ( u )  f o l l o w s   f r o m  ( 1 5 )  

a )   l i n e a r   s c a l e  magnitude  response 

N 
s i n  

n D L  (P) 

- 
F2(p) = 

w e n  
L op t  

IF) I -  dB 
(IO 

'10 

20 

0 

-10 

4 0  

-80 

-80 

-100 
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.15 #/U, 

b) Log magnitude  response 
Fig.3.   Suboptimal  Factorization of t h e  

Function F2 (0) - 
The c o e f f i c i e n t s  A, of t h e   f u n c t i o n  

L opt 

of the   o rde r   cou ld   ea s i ly  be ca lcu la ted   us ing  
the   recur ren t   convolu t ion  of t h e   r o o t   f a c t o r s  

COSP-cowL , ?pI' nn; 

jsincp/z , @,-2nn; (18) 
c_o9p/2  , p 1 ( Z n t l i n ,  

l. 

where r ) = 0 , 2 1 , ? 2 , ,  . . . B u t  u sua l ly   t ne re  is no need 
t o  know t h e   c o e f f i c i e n t s  A , ,  and  one  can d i r e c t l y  
apply  the  formula ( 1 7 )  f o r   c a l c u l a t i o n s .  

where  an u n c e r t a i n t y   a t   t h e   s i n g u l a r i t y   p o i n t s  
p=pL can be avoided by us ing   t he   Lop i t a l ' s   ru l e .  

Here an amount  of computations is proport io-  
n a l   t o  n2 i n s t e a d  of i2 in   the   formula   (17) .  Hence 
the  formula  (21) is more p re fe rab le   fo r  n,< k,. 
Thus a r a t iona l   cho ice  of t he   func t ion  F2(u) re- 
presentation  form  allows somewhat t o  minimize  an 
amount of   computat ions  in   the  funct ion P z ( w )  c a l -  
c u l a t i n g .  

As a r u l e  of thumb we usual ly   choose  the op- 
t imiza t ion   i n t e rva l  0 t o  be (6-10)a" wider  than 
a f i l t e r  passband npb (F ig .3) .   In   tu rn   an   approxi -  
mation  subinterval  might be equal  or  (1-2)Aw w i -  
de r   t han   op t imiza t ion   sub in te rva l  nopte n. I t  is a 
r ap id   s ide lobe   a t t enua t ion  of t h e  window funct ion  
on F2(0) o u t s i d e  nopL that   secures   an  approximati-  
on accuracy  to  be not  worse  than  that   obtained 
within C2, where t h e   e r r o r   f u n c t i o n  is minimized. 

2 . 3 .  A Suboptimal  Synthesis  Design Example 

- 

opt  

For the  comparison's  sake it i s  convenient t u  
use  the same design example as   for   an   op t imal   syn-  
Thesis  above. Tne suboptimal %R obtained is p l o t -  
t ed   i n   Z ig .4 .  The i n i t i a l   s p e c i f i c a t i o n s  and t h e  
denominat ions  are   the same as   for   an  opt imal   syn-  
t h e s i s .  
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The subopt imal   synthesis   data   are   the  fol low- 
ing. The bandwidth  of   the  opt imizat ion  interval  is 
Ahw /~ ,=25%, ,  wi th   an  approximation  subinterval  
ClMOpt. The opt imizat ion was performed  on  the  fre- 
quency gr id   conta in ing  N =209 p o i n t s   a s  opposed t o  
the   op t imal   synthes is ,  where t h e   g r i d   p o i n t  number 
was a s  l a r g e   a s  N =943. 

opt 

g 

g 

a )  magnitude  response 

I F  I s  dB 

1. DO 

0.75 

0.50 

0.25 

0.00 

-0.25 

-0.50 

-0.75 I I I 
1 

-1.00 
0.05 0. 90 0.95 1.00 1.05 1.10 u/u, 

b)  passband  r ipple 
Fig. 4. SAW F i l t e r  Suboptimal  Frequency  Response 

The IDT e l e c t r o d e  numbers a r e   t h e  same Ni=24 
and Nz=200. but  due t o  an a p r i o r i   f a c t o r i z a t i o n  
of t he   func t ion  F2(u) t h e  OV number was decreased 
from n,=100 t o  n,=25, wi th   the  number m=n2 of t h e  
frequency  samples  optimized. 

The s topband  a t tenuat ion is -58.9 dB and t h e  
passband  r ipple  is %l, 11 dB.  The detai led  compari-  
son of Fig. 2 and  Fig. 4 shows t h a t   t h e   s o l u t i o n s  
p rac t i ca l ly   co inc ide   w i th in   t he   sub in te rva l  fi. 

about 1 , 3  dB i n  a f i l t e r  stopband  and  0,015 dB i n  
a f i l t e r  passband  that  is q u i t e   n e g l i g i b l e  from 
t h e   p r a c t i c a l   p o i n t  of view. .. 

I t  is t h e  OV number gain  nz/n2=25%  in  con- 

- 

The d i f fe rence   in   approximat ion  accuracy is 

junc t ion   wi th  a s u f f i c i e n t   r e d u c t i o n  of the   f requ-  
ency  gr id   point  number N t h a t   a l l o w s   t h e  computa- 
t i o n  time t o  be dras t ica l ly   reduced   f rom 32 minu- 
tes t o  15 seconds  only,  i . e .  more than 125 times. 

g 

Conclusion 

The optimal  and  suboptimal SAW f i l t e r   d e s i g n  
techniques  have  been  considered  above,  both  based 
on the  McClellan's  computer  program 181. 

Unfortunately,   being of g r e a t   t h e o r e t i c a l  i m -  
por tance,   an  opt imal   synthesis  is ra the r   imprac t i -  
cable   one  for  a real-t ime  design  due  to  an  exces- 
s i v e  amount of computations. 

While maintaining  opt imal   synthesis   general i -  
t y  and f l e x i b i l i t y ,   t h e   s u b o p t i m a l   s y n t h e s i s   t e c h -  
nique  a l lows  to   considerably  reduce  an OV number 
and  hence t h e   s t o r a g e  and the  computation  t ime 
near ly   without   sacr i f ic ing  the  approximation  accu-  
racy. Usually  the  difference  between  optimal  and 
suboptimal  approximations  does  not  exceed 1-2 dB 
i n  a f i l t e r  stopband  and 0 , O l - 0 , 0 5  dB within a 
passband  that  is more than   accep tab le   fo r   p rac t i -  
cal   design  purposes .   Moreover ,   th is   s l ight   discre-  
pancy  might e a s i l y  be  compensated by a small   e lec-  
t rode  number of  an  apodized IDT inc reas ing   i f  one 
wishes. 

A f e a t u r e  of an  suboptimal  synthesis  above is  
t h a t  an amount of  computations  depends  mainly on 
t h e   f i l t e r  magnitude  shape  specifications  but  not 
on i t s  central   f requency.   Consequent ly ,   for   the 
most SAW f i l t e r s   t h e   c o m p u t a t i o n  time is f a i r l y  
small taking  from some seconds t o  some minutes  on 
a personal  computer IBM PC/AT 286 with a math co- 
processor .  As a r e s u l t  a narrowband f a s t   c u t - o f f  
f i l t e r   s y n t h e s i s   w i t h   a n   e l e c t r o d e  number of seve- 
r a l  hundred  and  even  thousand becomes possible  due 
to   dramatic  OV number reducing. 

I t  is the   i nhe ren t   e f f i c i ency  of  the Remez 
exchange  algorithm  in  conjunction  with a low order  
op t imized   func t ion   tha t  makes the  suboptimal  syn- 
thes i s   t echn ique   p roposed   ve ry   a t t r ac t ive  one f o r  
a SAW f i l t e r  computer-aided  design. 

The design  experience  confirmed  fas t   conver-  
gence,   h igh  computat ion  speed,   re l iabi l i ty ,   and 
f l e x i b i l i t y  of the  subopt imal   synthesis   technique 
proposed,  and good agreement  between  theory  and 
experiment was obta ined   wi th in   the  limits of t h e  
model and  design  constraints   appl ied.  
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