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APSIRAc-r 
This paper describes an innovative technique 

for determining a two dimensional inyllllse "p0"se 
diffraction model from the wave equation usmg an 
impulse driver. The appmch presentd is unique 
in that it determines the point-to-point impulse 
response for the isotropic case using the basic 
wave equation of motion, and utilizes a double in- 
tegral reduction technique to determine the tap- 
to-tap response. m i s  takes into account diffrac- 
tion effects, and provides an impulse response 
which is valid for the brmdband case. R e s u l t s  of 
the analysis are presented for both the isotropic 
and anisotropic case. 

mmcrIoN 
Many SAW device design techniques start with 

the basic assumption that the wavefront generated 
by an overlapping pair of electrodes layered on a 
piezoelectric crystal is uniform in the transverse 
direction. Hawever, diffraction causes the 
wavefront to be distorted frcnn this ideal shape, 
thereby introducing errors into the analysis. It 
is desirable to be able to cnmpnsate for diffrac- 
tion effects when designing SAW devices. Several 
types of diffraction analyses have previously been 
developed for this purpose [2,4,6-lo]. Mcst of 
these approaches, hawever, were based on tradi- 
tional theories of diffraction, utilizing the 
Fresnel integral or Angular spectnrm of Plane 
waves approach. ?he Fresnel integral, originally 
used to describe diffraction in optics, results in 
a m r m w b m d  approxktion to the impulse re- 
sponse, while the Angular S p e c t m m  of Plane Waves 
Fgproach requires a time consuming integration 
over frequency if broadbad diffraction effects 
are to be analyzed. ~n asymptotic expansion has 
been previously present& by Tan ard Flo- [9] to 
reduce the complexity of these calculations. 

The goal of this paper is to present the 
developnent of a d e l  for the true impulse re- 
sponse of a SAW device by reconsidering the dif- 
fraction theory involved. An impulse driver is 
applied to the two dimensional wave equation, ard 
a point-to-point impulse response is obtained. 
This approach does not limit the applicable 
bandwidth of the response, ard eliminates the need 

calculational complexity. It should be noted that 
the use of the two dimnsional wave equation to 
model the propagation of a surface acoustic wave, 
a three dimensional phenomenon, is certainly not 

to e t e  mer frequency, thus reducing 
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rigorous. It can be shm, hawever, that any 
errors intrcducxd by the use of this equation can 
either be ccwpensated for or are negligible. ?he 
&el is first applied to isotropic substrates, 
then extded  to the anisotropic case. 

THIDRY 
Derivation of the point source 

Impulse raesponse 
In developing and solving the two-dimensional 

wave equation, the surface wave amplitude at any 
position and tine can be represented by a scalar 
function, which can be interpreted as a ccsnponent 
of surface displacement, or electric surface 
potential [5]. Displamt will be used in this 
developnent . 

?he equation of motion of an isotropic, 
elastic substrate, including an irc.nxllse driving 
function and assumhg no variation of displacement 
with z, reduces in cylindrical coordinates in two 
dimensions to the follming 

where c is the surface wave velocity and u(r,t) 
represents the component of displacement in ques- 
tion. 

Taking the Hankel transform of order zero 
with respect to r of this equation yields the 
follming differential equation, 

2m. - at' + p2c2U(p,t) = c 2n 

Solving this differential equation subject to 
initial conditions of zero velccity and displace- 
ment at time 0- ard the requirement that the re- 
sponse remain finite as p - ~ o  yields 

(3 )  

where h(t) is the unit step function. 

the point to pint time dmin impulse response 
Taking the inverse Hankel transform yields 

u(r,t) = c h(ct-r) 
2n [ (c t12-  r2I1/' 

(4) 

The Fourier transform of this response yields 
the result 
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where X, is the -1 function of the second 
kinl. Sinoe the Bessel function is d i f f i a i l t  to 
evaluate for use in  a practical diffraction 
analysis, it is usefid to consider approximatiorrs 
t o  this result. psprmrimathq the time -in re- 
Sponseby 

(6) 
c h ( ct-r) u 8 ( r , t )  = 

2n [2r(ct-r) 1'1' 
(for ct+rdr), the approximate frequency response 
is given by the Fourier transform of quation (6) 

0 2  - 
0.1 - 

(7) 

mis result can also be obtairred using an 
asyqbt ic  approximation for the Bessel function 
of the second kind, and for roDst practical trans- 
ducer gemetries ard substrates is indistinguish- 
able from the exact transform expression for fre- 
quencies above a few megahertz. since this 
approxhtion to the ideal point-to-point il'qxlse 
response is valid in the high frequenq region of 
interest, it can be used to determine the "p0"se 
at any frequency a t  a point due to an m p l s e  
applied to a tap. 

Tap to point Response 
Using the principle of v i t i o n ,  the re- 

sponse a t  any given observation point to an 
impulse applied to a tap can be faurd by integrat- 
ing the point-to-point impulse response along the 
F p .  This yields the following response in  the 
tune dmin  

relative to a l ine parallel to the bottom of the 
transnitting tap, and L is the tap length as shm 
i n  Figure 1. 
This integration yields a response a t  point y 

such as the one shm in Figure 2. From Fi$ 
2 (a) ,  it can be seen that no response is expected 
a t  the point yp until a t h e  tD=D/c has been 

regions of the +xansnu ' t t ing tap making equivalent 
contributions to  the resporsle at pint yp, wlrile 
fran t, to t, only one reglon contributes dire- 
ctly, and for t imes  b e y d  t there are f ~ 3  = 
contriimtions fm the tap to h e  response a t  yp. 
T h e  behavior of the shm in  F!g. 
2(b) reflects these time llrmts. Prior to tune  
to, no response is deteded a t  y . From to to t , 
the response is fairly constant h i le  it drops o h  
f m  t, to t,, the time frame when only one direct 
Contribution is being made. For times b e y d  t,, 

reached. From time to to t,, there are two 

where y is the position along the transnu ' t t ing 
tap, yp is the position of the observation point 

FIGURE 1 

Coordinate System for Tap to Point Integration 

1.1 { 

(a) Propagation times for tap 
to point impulse response 

(b) Tap to p o i n t  impulse response 

FIGUFX 2 
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the response fa l ls  off tmards zero, as required 
by the form of the solution to the two dimensional 
wave equation. 

In the frequency damin, the tap to point in- 
tegral- 

where the approximate frequency response, given in  
equation (7) has been used. Equation (9) is 
evaluated numerically and used t o  generate the 
transverse intensity or %earn1’ profiles a t  various 
distances f m  the souru= tap. 

Tap to  Tap Response 
In order to determine the bplse response of 

a pair of parallel t a ~  of arbitrary lengths and 
positions relative t o  one another, a double in- 
tegral over the taps musit be perfonnxi. ?his in- 
tegral can be express& i n  the time d m i n  as 
follaws 

FIGURE 3 

Coordinate System for Tap to Tap Double Integral 

where yR is the coordinate along the 
‘receiving’ tap, yT is the coordinate along the 
’transmitting‘ tap relative t o  a horizontal line 
through yR,  and a, b, L, D, and r are as shown in 
Figure 3 .  The receiving tap is sham as shorter 
than the t ’tting one for convenience, but .by 

t- 
ting to a longer tap would be identical. 

In evaluating this double integrdl, a 
technique called dcuble integral reduction, as 
presented by btta [2], is used to reduce equation 
(10) or (11) to a single integral. As shm i n  
Figure 4,  for each angle, theta, the energy laun- 
chedby the tz  ‘tting tap is distributed evenly 
from Ymin to Ymax . Since a l l  transnu ’t t ing and re- 
ceiving p i n t  pairs related by the same angle 
theta are equivalent, the value of the integrand 
for this value of theta is a constant, and the in- 
tegral along the receiving tap can be expressed 
simply as the width of the signal received. This 
width can be found by determining the overlap 
between the shadw of the transnu ‘tter for this  

with the 

received width is dependent solely on theta for a 
fixed t r a n s d u y  g m - ,  and theta depends on 
y, , the double mtegral  TI equation (10) or (11) 
is r e d ~ ~ d  to a single integral over yl as shm 

reciprocity the response of a short tap i 

-le, extends f- ‘ m i ”  to % a x  limits of the receiving tap, a and b. this 

(12) 

YT -a yT =Gb 

where F( r )   resents either u ( r , t )  or U’(r,o), 
depen3ing on the darnah in  which the integral is 
performed. 

Transmitting Tap 
h 

L 

I 

1 

YT 

Receiving Tap 

I T----- I- 
I y R l  

b 

l a  I 

F I G W  4 

Representation of Integral Limits 
Used in Double Integral Reduction 
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Extension to Anisotropic Case 
'the wave equation in cylindrical coordinates 

used in this model asSumeS 1x3 variation in re- 
sponse with propagation direction on the substr- 
ate. Since it adds considerable mathematical com- 
plexity to include anisotropy in the wave equaion 
itself, a first approximation to the anisotropic 
displacement is made by substituting surface wave 
velocity as a function of angle direztly into the 
solution to the wave equation for the i w i c  
case. .mis approximation assumes that there is a 
small fractional deviation in velocity with a 
change in angle. 

A look up table for c(0) on YZ was 
generated using a fifteen te rm trigcaxxnetric ex- 
pansion, as described by Anhorn, -, and 
RonneMeiv [I]. All data presented in t2ns paper 
for YZ assumes pxupgation along the Z axis 
and no pJwer flow. 

FESULTS AND DISUJSION 
Equation (9) was used to generate bearn 

profiles at a given frequency and at several 
values of the scaled distance f m  the tap, W. W 
is a dimmionless parameter given by 

hD 
2 a 

w=- 

where D is the nom1 distance f m  tap to pint 
(as shown in Figure 1), A is the wavelength at the 
frequency of interest, and the transml 'tting tap is 
of length b2a. 

For the isotropic case, the results obtained 
using the impulse driver aprcach ccanpare well 
with those cbtained using the &?metric 'Iheoq of 
Diffraction [6], as shown in Figure 5. For values 
of W less than 4 ,  near field profiles in which 

tap remains within a transverse distance roughly 
equal to the tap width are abserved. As W increa- 
ses, the beam profiles become those more char- 
acteristic of the Fraunhofer region, with a 
significant amxmt of enerqy spreading out trans- 
versely beyond the &ges of the direct beam path. 

Since anisotropy does not have as great an 
effect on the response felt at a given pint as it 
does on the response felt by an entire region (or 
tap), and since the effects of anisotropy are 
greatly reduced when pxer flaw is iqnom, the 
beam profiles generated for YZ with m 

for the isotropic case. 'Ihe profiles differ f m  
the isotropic profiles only in the near field, 
where they compare favorably with t h e  generated 
by Farnell for the case of parabolic anisotmpy 
[3  1. Inclusion of p e r  flaw in the analysis 
should have a major effect on these profiles, and 
is currently being developed. 

Tap to tap impulse response curves were 
generated in the tbw dmin fm equation (lo), 
using the double integral reduction technique. 
F'requency damin responses were obtained f m  
equation (11) ard hwzrse Fmier transformed, 
yielding time darnah tap to tap inpxllse responses 
in good agreement with those calculated in the 
time damin. 

inpxllse response of equal 

most of the enerqy launched by the transnu * tting 

pawer flm were very similar to those generated 

Figwe 6 shm the 

FIGURE 5 

I n t e n s i t y  prof i l e s  a t  s u c c e z s i v e  value:; O L  the s c a l e d  
d i s t a n c e  W for d i f f r a c t i o n  on an i:;otropic s u b s t r a t e .  

-a a 

Transverse Dis tance  

(a) P r o f i l e s  obta ined u s i n g  
equation ( 9 )  (magnif ied  
by loG]. 

-a a 

,- 1I:ansverse Dis tance  

(b )  Normalized p r o f i l e s  
obtained u s i n q  the 
Geometric Theory or 
I > i  f f r a c t i o n  

length taps with no transverse offset on an 
isotropic substrate. ~s expect&, no response is 
observed until the signal launched by the trans- 
mitting tap has had time to propagate to the re- 
ceiving tap. After the inpulse initially reaches 
the receiving tap, the respnse dies off rapidly. 
'the irrpxllse response for this configuration on m 
LiNbq, (ignoring p e r  flaw) is almost indist- 
inguishable f m  the isotrcpic response. 

If the taps are of qual length, but have a 
50% transverse offset, the impulse responses for 
the isotropic case and for YZ I;LNb4 are as sham 
in Figure 7. As can be seen, there is nod a short 
time range dilring which direct contributions from 
different parts of the tranmu 'tting tap reach the 
receiving tap, follawed by a rapid drop similar to 
the case of no offset. AS expect&, the impulse 
response on the anisotropic substrate is broad& 
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Tap to t a p  impulse response  on an 
i so trop ic  substrate. Taps a r e  of  equal 
lenqth with no t r a n s v e r s e  o f f s e t .  
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Tap to tap  impulse response for  equal  
lenqth taps  w i t h  a 50% transverse o f f s e t  
Rcsults are s h o w n  for Y Z  LiNbO, and for  
t h e  isorropic case. 

mmpared to the isotropic case. orxx again, in- 
clusion of pawer flaw would significantly affect 
these results. Behavior w a s  also investigated and 
impulse responses obtained for taps of arbitrary 
lengths and transverse positions relative to one 
another, yielding expect& results. 

CONCLUSION 
This paper has presented the basic develop- 

ment of a new model for the analysis of SAW dif- 
fraction. The inqdse driver used in the wave 
equation yields a response which is valid for all 
frequencies. U s e  of double integral reduction 
shlifies calculations considerably, while per- 
forming integrals in the time d m i n  provides 

clear insiqht into the geametrical basis for the 
responses obtained. Work is continuing to fully 
develop this model, including pcwer flaw and ex- 
tending the analysis to complete filters. Use of 
this model should yield a diffraction analysis 
valid for broadband frequercy filter responses 
with reduced wnpxltational time required when can- 
pared to conventional diffraction analysis. 
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