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Abstract  

The b a s i c  design c r i t e r i a  f o r  SAW t ransducers  is  
t y p i c a l l y  a f l a t  frequency response. 
design c r i t e r i a  f o r  bulk wave t.ransducers i n  nondes- 
t r u c t i v e  eva lua t ion  and medical imaging i s  t h e  com- 
pactness  of t h e  impulse response. This  c r i t e r i a  i s  
d i f f e r e n t  from t h e  usual  f l a t  frequency response 
c r i t e r i a  because a f l a t  bandwidth does not necessar-  
i l y  imply a compact impulse response. A n i t e r a t i v e  
opt imiza t ion  program, based on a l e a s t  mean square 
algori thm, has been developed and used t o  simultan- 
eously opt imize matching metworks and a c o u s t i c  par-  
ameters t o  achieve e i t h e r  o f  t h e  above design c r i -  
t e r i a .  The opt imiza t ion  is  f i r s t  i l l u s t r a t e d  i n  t h e  
frequency domain f o r  an IDT t ransducer .  Then t h e  
opt imiza t ion  is  done i n  t h e  time domain f o r  a bulk 
wave t ransducer  with t h e  c r i t e r i o n o f  reducing t h e  
length  of t h e  impulse response. The impulse res- 
ponse i s  t h u s  reduced from about 15 cyc les  t o  3 
cyc les  and has  an almost Gaussian frequency response. 
The increase  i n  t h e  round t r i p  i n s e r t i o n  l o s s  o f  t h e  
t ransducer  due t o  t h e  tuning is  o f  t h e  order  of a 
few dB. Transducers have been constructed a t  5 and 
35 Wz ( Z  = 3 kg/n?-sec) 
and no f r o n t  matching l a y e r .  The agreement between 
theory  and experiment is e x c e l l e n t .  

The bas ic  

with a backing of  epoxy 

1. In t roduct ion  

A number of  techniques have been developed t o  
design b o dband f l a t  frequency response matching 

f o r  a c o u s t i c  t ransducers .  The load i s  
u s u a l l y  modeled a s  a r e s i s t o r  and capac i tor3  o r  as 
a simple four-element ~ i r c u i t . ~  
t h i s  approach i s  t h a t  t h e  frequency response of  
a c o u s t i c  t ransducers  has  a resonance c h a r a c t e r i s t i c  
which is  d i f f i c u l t  t o  accura te ly  m i m i c  with t h e  use  
of f ixed  component networks. 
improved r e s u l t s  can be obtained if t h e  network 
suggested by one of  t h e  techniques l i s t e d  i n  Refs. 
1-5 i s  used as a s t a r t i n g  poin t  f o r  an opt imiza t ion  
r o u t i n e  which accura te ly  t a k e s  i n t o  account t h e  
frequency dependent r a d i a t i o n  r e s i s t a n c e  and reac-  
tance .  
t h a t  purpose. 

The problem with 

I n  most cases ,  

An algori thm i s  developed i n  t h i s  paper f o r  

This  a lgori thm i s  extremely f l e x i b l e  and can be 
used i n  t h e  frequency domain or  i n  t h e  time domain 
t o  reduce t h e  length  o f  t h e  i m p u k c r e s p o n s e .  The 
use o f  t h i s  a lgori thm i n  t h e  design of t ransducers  
with and without acous t ic  matching l a y e r s  has  

r e s u l t e d  i n  impulse responses which a r e  b e t t e r  than 
those  obtained us ing  any o t h e r  t e c h n i q ~ e . ~  
example presented here ,  t h e  impulse response of  a 
PZT t ransducer  operated d i r e c t l y  i n t o  water was 
reduced from 15  cyc les  t o  3 cycles  with t h e  use  
of a four-element optimized tuning c i r c u i t  

In one 

2 .  Theory 

Consider t h e  system shown schematical ly  i n  
Fig. 1. Suppose t h e  response of t h e  matching n e t -  
work and load i s  Y(w) , where Y(w)  i s  any par -  
ameter which is  t o  be optimized, such as vol tage ,  
c u r r e n t ,  o r  power. I f  t h e  des i red  response i s  
D(w) , then t h e  e r r o r  i n  t h e  response i s  

E ( w )  = D(u) - Y(w) (1 )  

The response Y ( o )  is  a func t ion  of N a d j u s t a b l e  
r e a l  parameters Bn . These parameters a r e  gener- 
a l l y  matching network parameters, such a s  induc- 
tance,  capaci tance,  t r a n s i s t o r  gain,  e t c .  This  
a lgori thm can a l s o  be used t o  s imulateously design 
t h e  t ransducer  (load] and matching network, and i n  
t h i s  case ,  t h e  matching parameters a l s o  include 
t ransducer  width, acous t ic  impedance, q u a r t e r  wave 
matching l a y e r ,  apodizat ion,  e t c .  

t 

e MATCHING 
SOURCE NETWORK LOAD 

c. 
J 1 - 1  I 

Figure 1 - Schematic drawing of source, matching 
network, and load. 

The square e r ro r  i s  

E ( w ) E * ( U )  = [ Y ( W )  - D ( W ) I  [Y*(W)  - D * ( w ) l  (2) 

and t h e  change i n  t h e  square e r r o r  due t o  a change 
ABn is  
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aBn 

The goa l  o f  t h i s  a l g o r i t h m  is  t o  minimize t h e  mean 
s q u a r e  e r r o r  averaged ove r  t h e  f r equency  r ange  wl 
t o  w2 , i . e .  minimize E where 

E = 7 E(w)E*(w)dw 

1 w 

To ach ieve  t h i s  g o a l ,  we r e q u i r e  t h a t  t h e  change 
AE f o r  a change AB, be  n e g a t i v e  

aE 
A €  = - - - - A B n + .  . . 

"n 

There are  a number o f  e x p r e s s i o n s  t h a t  could be  used 
t o  choose A3, . From Eq. ( 7 )  w e  see t h a t  AE w i l l  
b e  n e g a t i v e  i f  w e  choose 

( 8 )  I h B l l  

"n 

where an i s  a p o s i t i v e  r e a l  c o n s t a n t .  The change 
i n  E is  then  

which i s  n e g a t i v e  as d e s i r e d .  

One of  

A€ E 

Eq. (10) w 

t h e  c o n d i t i o n s  f o r  convergence i s  t h a t  

11 be  s a t i s f i e d  i f  

y 7 dwE (U) E* (U) 
w, 1 

an - -__ 
- 2(Re[ [2 dwE*(w) 

"n 

where y i s  real  and 0 < y < 1 . The e x p r e s s i o n  
f o r  ABn becomes 

w 

y J 2  dwE(w)E*(o) 

If we c o n s i d e r  t h e  s imple  c a s e  N = 1 i n  t h e  
l i m i t  w2  - w1 + 0 , t hen  Eq. ( 1 2 )  becomes 

E E 

T h i s  i s  t h e  f a m i l i a r  expres s ion  used i n  Newton's 
method f o r  f i n d i n g  t h e  zero of t h e  f u n c t i o n  E . 

I n  g e n e r a l ,  t h e  s u r f a c e  ~ ( 6 1 ,  '2, . . . Bh) 
w i l l  have a number o f  l o c a l  minima. Thus, it i s  
important  t o  u s e  an a p p r o p r i a t e  set  o f  s t a r t i n g  
c o n d i t i o n s  B,, based on s imple  c a l c u l a t i o n s ,  
s t anda rd  d e s i g n  r u l e s ,  and i n t u i t i o n .  T h i s  a l g o -  
rithm can then  be used t o  f i n d  t h e  l o c a l  minimum. 
A l t e r n a t i v e l y .  a se t  o f  s t a r t i n g  c o n d i t i o n s  can  be  
used and t h e n  t h e  v a r i o u s  minima compared. 

The a n a l y s i s  g iven  above is  t h e  same when t h e  
independent v a r i a b l e  i s  f r equency ,  t ime ,  phase,  o r  
any o t h e r  pa rame te r .  For i n s t a n c e ,  c o n s i d e r  t h e  
c a s e  where it i s  d e s i r e d  t o  o p t i m i z e  t h e  impulse 
r e sponse  Y ( t )  o f  a t r a n s d u c e r .  The d e s i r e d  
r e sponse  D ( t )  could be a one c y c l e  s i n u s o i d .  
From Eq. ( 1 2 ) ,  a good c h o i c e  f o r  t h e  change i n  each 
o f  t h e  components f o r  each i t e r a t i o n  is  

/d tE2( t )  t 

However, t h e  b e s t  r e s u l t s  were o b t a i n e d  when an 
expres s ion  based on Eq. (8 )  i s  used f o r  A B n  : 

G 

2G 
ABn = - 

'fin 
- 

m 
where G = 1 /Sz0 /  E ( t ) t d t  and S i s  t h e  impulse 
peak ampl i tude ,  I n  t h i s  case, t h e  a l g o r i t h m  t r i e s  
t o  r educe  t h e  r i p p l e ,  but  a l s o  maximizes t h e  t r a n s -  
mission.  I f  a l a r g e r  exponent o f  S i s  used,  t h e n  
t h e  importance o f  maximum t r a n s m i s s i o n  i s  empha- 
s i z e d .  I f  a s m a l l e r  exponent (1) i s  used ,  t h e n  
minimum r i p p l e  is  emphasized. 

To c a l c u l a t e  ABn , one s ta r t s  wi th  t h e  measured 
o r  c a l c u l a t e d  t r a n s d u c e r  r e sponse  and c a l c u l a t e s  
t h e  i n s e r t i o n  l o s s  o f  t h e  network p l u s  load ,  Y(o) . 
The F o u r i e r  t r ans fo rm Y ( t )  is  de te rmined ,  and 
ABn is  c a l c u l a t e d  from Eq. ( 1 5 ) .  Due t o  t h e  a d d i -  
t i o n a l  t a s k  o f  c a l c u l a t i n g  Fouyier  t r a n s f o r m s ,  t h e  
o p t i m i z a t i o n  i n  t h e  t i m e  domaill t y p i c a l l y  t a k e s  
l o n g e r  t h a n  o p t i m i z a t i o n  i n  t h e  f r equency  domain. 
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However, as we s h a l l  s ee ,  t h e  impulse r e sponse  
ob ta ined  o p t i m i z a t i o n  i n  t h e  t i m e  domain is  s i g n i -  
f i c a n t l y  b e t t e r .  

3 .  R e s u l t s  and Di scuss ion  

SAW Devices  

The u s e  o f  t h i s  a Igo r i thm w i l l  f i r s t  be  i l l u s -  
t r a t e d  i n  t h e  d e s i g n  of a matching network f o r  a 
SAW Sezawa wave IDT.  The goa l  was a f r equency  res- 
ponse which i s  between 0 and 1 . 5  dB o v e r  t h e  
f r equency  r ange  146 Mlz t o  183 IrWz . The s t a r t -  
i n g  pa rame te r s  f o r  t h e  o p t i m i z a t i o n  a r e  g iven  i n  
Tab le  1. The o p t i m i z a t i o n  r e s u l t s  a f t e r  1, 10, 
100, and 130 i t e r a t i o n s  are  shown i n  F ig .  2 .  The 
o p t i m i z a t i o n  was s topped a f t e r  a c h i e v i n g  a 1 . 5  dB 
bandwidth o f  36 MHz. The f i n a l  v a l u e s  o f  t h e  n e t -  
work components (Table  1 )  are a l l  e a s i l y  r e a l i z a b l e .  
L i m i t s  should be p l aced  on t h e  p o s s i b l e  v a l u e s  o f  
t h e  network components d u r i n g  o p t i m i z a t i o n  so t h a t  
a r e a l i z a b l e  f i l t e r  is o b t a i n e d .  

T a b l e  1 - Values used i n  op t imiz ing  t h e  matching 
network o f  a Sezawa wave IDT 

IDT Pa rame te r s :  R = 250 R , CT = . 5  pF , Cp = . 2  pF, 
N = 4 , W = 1 mm , A V / V  = .028  

Matching Network Parameters :  
L 1  L2 L 3  c1 c 2  c3 

(pH) (W) (PHI (pF) (pF) (pF) 
I n i t i a l  1 . 1  .1 10 10 10 
F i n a l  1 . 3 5  .047  . 0 2 4  8 .93  17 .7  68.3 

FREOUENCY ( M H z l  

F igu re  2 - The t r a n s d u c e r  mismatch l o s s  a t  s e v e r a l  
p o i n t s  i n  t h e  o p t i m i z a t i o n  r o u t i n e  

T h i s  a l g o r i t h m  can be used t o  s imul t aneous ly  
op t imize  t h e  t r a n s d u c e r  beamwidth, number o f  
f i n g e r  p a i r s ,  f i n g e r  width t o  spac ing  r a t i o ,  and 
a p o d i z a t i o n  dependence, i n  a d d i t i o n  t o  op t imiz ing  
t h e  v a l u e s  o f  t h e  matching network. 

Bulk Wave Transducer  

The a l g o r i t h m  has  been used t o  d e s i g n  a match- 
i n g  network f o r  a l o n g i t u d i n a l  wave t r a n s d u c e r .  
The t r a n s d u c e r  o p e r a t e s  i n  water  without  any match- 
ing  l a y e r s  and h a s  a l o s s y  low impedance backing,  
namely epoxy wi th  Trans-  
d u c e r s  have been des igned  and b u i l t  t o  o p e r a t e  a t  a 
c e n t e r  f r equency  o f  35 Wz . The t r a n s d u c e r  mater- 
i a l  used i s  bbrata-PZT f o r  t h e  35 bHz t r a n s d u c e r .  
F igu re  3 shows t h e  i n s e r t i o n  l o s s  and impulse r e s -  
ponse o f  t h e  35 NHz t r a n s d u c e r ,  where t h e  a c t i v e  
area i s  2 mm i n  d i a m e t e r .  The d e s i g n  c r i t e r i a  
used f o r  t h e  c i r c u i t  components was a compact 
impulse r e sponse .  
work was des igned  i n  t h e  c o n f i g u r a t i o n  shown i n  
Fig.  4 .  F igu re  4 a l s o  shows t h e  t h e o r e t i c a l  i n s e r -  
t i o n  l o s s  and impulse r e sponse  o f  t h e  t r a n s d u c e r  
w i th  t h e  p rope r  matching network.  No t i ce  t h a t  t h e  
band shape i s  almost  Gaussian and t h a t  t h e  impulse 
r e sponse  was reduced from 15  f u l l  c y c l e s  t o  3 
f u l l  c y c l e s .  F igu re  5 shows t h e  experimental  
r e s u l t s  o b t a i n e d  f o r  t h e  t r a n s d u c e r .  The agreement 
between t h e o r y  and experiment is  e x c e l l e n t .  

Z a  = 3 x IO6 kg/m2-sec . 

A four-component matching n e t -  

100, I I I I ' I  ' I I 

I I I 1 -  I I I I /  
36 72 

FREQUENCY (MHz) 

Figure  3 - Impulse r e sponse  and f r equency  r e sponse  
o f  35 MHz epoxy bonded PZT t r a n s d u c e r  
o p e r a t i n g  i n t o  water 

Bulk Wave Transducer  Array 

The a l g o r i t h m  has  a l s o  been used t o  op t imize  
t h e  impulse r e sponse  o f  t h e  t r a n s d u c e r  e lements  i n  
a l i n e a r  a r r a y .  Again, t h e  d e s i g n  c r i t e r i a  used 
was a compact impulse r e sponse .  The PZT-SH t r a n s -  
duce r  e lements  a r e  r e s o n a n t  a t  a c e n t e r  f requency 
o f  3 W z  and have a width of 250 pm , a width-  
t o - h e i g h t  r a t i o  o f  0 .6  , a low impedance l o s s y  
backing Z a  = 3 x I O 6  kg/m2-sec , and one f r o n t  
matching l a y e r .  
c a s e  were: t h e  t r a n s f o r m e r  t u r n  r a t i o  (match i n t o  
50 G ) ,  t h e  t r a n s f o r m e r  induc tance ,  and t h e  l e n g t h  
and impedance o f  t h e  matching l a y e r .  Note t h a t  i n  
t h i s  case both e l e c t r i c a l  and a c o u s t i c  pa rame te r s  
are op t imized .  F igu re  6 shows t h e  i n s e r t i o n  l o s s  

The op t imized  pa rame te r s  i n  t h i s  
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and impulse r e sponse  of  an a r r a y  element des igned  
wi th  conven t iona l  method5 assuming a matched source ,  
namely f/ZfO = . 9  where f o  is t h e  r e s o n a n t  f r e -  
quency o f  t h e  p i e z o e l e c t r i c  ceramic and f is t h e  
r e s o n a n t  f r equency  o f  t h e  matching l a y e r .  F igu re  7 
shows t h e  i n s e r t i o n  l o s s  and impulse r e sponse  o f  an 
a r r a y  element des igned  with o u r  o p t i m i z a t i o n  p ro -  
gram. I n  t h i s  c a s e ,  t h e  t h i c k n e s s  o f  t h e  matching 
l a y e r  was such t h a t  f / 2 f o  was 1.37 , and t h e  
impedance o f  t h e  matching l a y e r  was 4 .7  x lo6 kg/ 

m2/sec.Notice t h a t  t h e  impulse r e sponse  i n  F ig .  7 
is g r e a t l y  improved o v e r  t h e  impulse r e sponse  of 
Fig.  6. 

1001 , I I I I I I I I I '"1 \ TUNED 
80 

100 I I I I I I I 1 I 
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Figure  6 - Impulse r e sponse  and f r equency  r e sponse  
o f  a 3 MHz PZT t r a n s d u c e r  w i th  epoxy 
backing and a s i n g l e  matching l a y e r .  
S t anda rd  d e s i g n  r u l e s  were used t o  o b t a i n  
matching l a y e r  pa rame te r s  
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F i g u r e  4 - Optimized impulse r e sponse  and f r equency  
r e sponse  a f t e r  30 i t e r a t i o n s  

\ V / i  

Figure  5 - Experimental  r e s u l t s  for t h e  impulse 
r e sponse  with and wi thou t  matching n e t -  
work 

4 .  Conclusion 

A f l e x i b l e  a l g o r i t h m  has  been developed which 
is important  t o  t h e  d e s i g n  o f  improved b u l k  and 
s u r f a c e  a c o u s t i c  wave t r a n s d u c e r s .  The impulse 
r e sponse  o f  a PZT t r a n s d u c e r  o p e r a t i n g  i n t o  wa te r  
was reduced from 1 5  c y c l e s  t o  5 c y c l e s  wi th  
t h e  u s e  o f  t h i s  a lgo r i thm.  The agreement between 
t h e o r y  and experiment was e x c e l l e n t .  

I I I 
3 6 

FREQUENCY (MHr) 

Figure  7 - Optimized impulse r e sponse  and f r equency  
r e sponse  of t h e  t r a n s d u c e r  shown i n  
F ig .  6 
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