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ABSTRACT

A unique approach to obtaining a two-dimensional
impulse response diffraction model valid for the
broadband case has been developed previously[t]l. This
approach utilizes a double integral reduction technique to
determine the tap-to-tap response, and has been used to
analyze various tap configurations on both isotropic and
anisotropic substrates.

This paper presents an extension of this analysis
technique to mode! the effects of diffraction on the
impulse response of a complete SAW device. Both
isotropic and anisotropic substrates are treated. The
current work also considers the implications of the two-
dimensional nature of the mathematical formulation of the
model, and how the resuilts of this formulation influence
the validity of the model. Comparison is made between
theoretical and experimentally observed device
performance. The potential exists for this analysis
technique to be applied to broadband diffraction
compensation.

INTRODUCTION

In previous work{1.2], a point scurce impulse
response, valid for all frequencies, was obtained by
applying an impulse driver to the two dimensional wave
equation.

When integrated over a source distribution in the
time domain and Fourier transformed, this impulse
response yields a true broadband SAW device impulse
response which includes the effects of diffraction.
Arbitrary anisotropy can be taken into account quite easily
during the source distribution integration, provided data
is available for velocity as a function of propagation
direction on the substrate of interest. Double integral
reduction{3] was wused to reduce the number of
calculations involved.

The time domain point source impulse response
previously obtainedi2], however, proved cumbersome to
calculate due to a branch point in the denominator, and
the required spatial integrations were not fast enough for
use in practical design applications. Thus, in the present
approach a simpler approximation to the point source
impulse response is used. This provides a much faster
and more computationally efficient means of evaluating the
diffraction patterns created by arbitrary transducer
geometries and substrate anisotropies.
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THEORY

The following equation is used as an approximation
to the scalar two dimensional impulse response of an
ideal point source[4]
e—]wr/c )
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It is assumed that this function is valid for all frequencies,
and for the reasonably short separations from the source
under consideration. Taking the inverse Fourier transform
yields a time domain point source impulse response given
o 8(t - ¢
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where r is the radial distance from the point source and
c is the surface wave velocity.

Using Huygen's principle, the response at any
given observation point to an impulse applied to a tap
can be found by integrating the point-to-paoint impulse
response along the tap. Ignoring constants of
proportionality, this expression can be written as:
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where y; is the position on the transmitting tap, y, is the
position of the observation point relative to a line parallel
to the bottom of the transmitting tap, and L is the tap
length, as shown in Figure 1. Equation (3) can be used
to generate transverse beam profiles and three-
dimensional plots of impulse responses.

The impulse response of a pair of parallel taps of
arbitrary lengths and positions relative to one another can
be obtained by integrating Equation (3) over the receiving
tap. This tap to tap response can be expressed as
t-a b
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where yj is the coordinate along the "receiving" tap, yr is
the coordinate along the "“transmitting" tap relative to a
horizontal line through y,, and a, b, L, D, and r are as
shown in Figure 2. Using double integral reduction!{5],
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Figure 1. Coordinate system for tap

to point integration

for N taps

Z

Figure 3. Example of a pair of transducers

w'th arbitrary geometry

Figure 2. Coordinate system for tap-to-tap
double integral

Equation 4 can be reduced to a single integral for use in
calculations. To a first approximation, arbitrary anisotropy
can be included in this model by allowing the velocity (c)
and acoustic coupling coefficient (K% to vary as a
function of angle.

The overall SAW device impulse response can be
obtained through superposition of tap-to-tap responses.
If we consider two arbitrarily apodized transducers, the
first with center frequency f;, and M fingers and the
second with center frequency f,, and N fingers separated
by a center-to-center distance of Z, (see Figure 3}, the
overall device impulse response in the time domain will be
given byl[1]

M N
ht) = PS> hij(t) (5)
i=1 j=1

where h; represents the tap to tap impulse response
given by equaticn (4), with an appropriate sign included
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to take into account the tap polarities. This brute force
calculation method involves MeN calculations of the
diffraction integral.” Some simplifications result when the
two transducers have equal center frequencies and one
or both of the transducers are unapodized. Despite the
large number of calculations involved for a realistic device,
use of equation (2) allows the integrals to be performed
very rapidly in the time domain.

Once a time domain impulse response has been
obtained, it can be Fourier transformed to yield the
desired broadband frequency response for the device.
Since the actual SAW device does not consist of ideal line
charge sources, a term[5.6] which approximates the
effects of the source charge distribution (or element
factor) can be included when finding the frequency
response.

THEORETICAL RESULTS

In addition to being a fast, efficient method of
obtaining a response valid for all frequencies, performing
the diffraction calculation in the time domain provides
valuable insight into what is physically occurring during
the process of diffraction. Two and three dimensional
plots can be generated, aiding in the visualization of the
diffracting beam.

One example of an individual tap-to-tap response
is shown in Figure (4). Part (a) illustrates the tap
geametry under consideration. The two-dimensional time
domain response, shown in Figure 4(b), exhibits the
expected behavior. No response is observed until the
signal has had time to propagate directly from the
transmitting to the receiving tap. Thus, a jump is
observed when the signal is first received. If no diffraction
were present, the response would drop to zero
immediately, yielding an impulse. Due to diffraction,
however, energy will travel from every point on the
transmitting tap to every point on the receiving tap,

"Note: a tap impulse response analysis is used in this
approach rather than an overlap or 'gap’ analysis.

Authorized licensed use limited to: J Hines. Downloaded on October 11,2020 at 18:28:45 UTC from IEEE Xplore. Restrictions apply.



causing the time domain response to last considerably
fonger.

A three dimensional plot of the time domain
impulse response is shown in Figure 4(c). This plot
dramatically illustrates the behavior of the surface wave,
allowing one to visualize cross sections of the wave that
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Figure 4. Tap-to-tap impulse response

(a). Geometry for tap-to-tap impulse
response calculation

(b). Two-dimensional time domain
tap-to-tap response

(c). Three-dimensional time domain
tap-to-tap response

would be detected by the receiving tap as time increases.
The nominal pulse delay will be determined by the tap
separations. Initially, the pulse is well defined and a
majority of the energy stays within the beamwidth in which
it was launched. A large peak is seen when this energy
first reaches the output tap. The amplitude of the
response dies off rapidly, since no more "direct" energy
is being received. Rather, the energy picked up at the
output tap after the initial pulse is due to portions of the
launched wave diffracting, thereby taking a longer path
and a longer time to reach the output tap. Note the
symmetric spreading of energy in the transverse direction,
due to diffracted energy reaching the output tap.

Although the three-dimensional plots become
complicated when many taps are used, a few simple
examples of transducer-to-single-tap responses are
ilustrative and interesting to consider. First we consider
a five-tap apodized transducer interacting with a single
receiving tap. The normalized tap weights for the
launching transducer are 0.25, -0.5, 1.0, -0.5, and 0.25
respectively, and there is no slant to the apodization
pattern. The faunching transducer has a center frequency
of 100 MHz and an aperture of 35X, and the receiving tap
has an aperture 50\ wide. The substrate assumed for
this plot is ST-quartz and the wave is launched on a pure
mode axis.

The two-dimensional response is shown in Figure
5(a). As shown, the first jump occurs when the energy
launched by the first (0.25 long) tap in the apodized
transducer reaches the output tap. When the pulse
generated by the second tap (-0.5 tap weight) reaches
the receiving tap, a larger jump in a negative direction is
observed (sign change is due to second tap in launching
transducer being negative). This pattern of positive and
negative jumps continues until the energy launched in a
direct path from each of the taps in the apodized
transducer has interacted with the output tap. The
response then drops off rapidly, as for tap-to-tap case.

Figure 5(b) is a three-dimensional plot of this
response, once again showing how energy diffracts
further to the sides of the beam as time increases. Note
that the distribution of energy in the beam remains
symmetric as the wave propagates. This is true only in
the case of a wave launched on a pure mode axis of the
crystal, and for an apodized transducer where the
apodization pattern is not slanted. Transverse beam
profiles at four different times are given in Figure 5(c)-{f}.
Once again, the beam spreads symmetrically, although
the pulse shape is more complicated than that of the
single tap considered in Figure 4.

Figure 6 shows a three-dimensional plot of the
response obtained for a five tap launching transducer with
the same tap weights as previously used, but with a
slanted apodization pattern. All other factors are the
same as those for Figure 5. The overall time response
[not shown] is quite similar to the unslanted case, since
the overall response effectively shows an integration
across the beam width, and therefore will not be affected
by where the energy is received along the output tap.
The three-dimensional plot clearly demonstrates the
spatial nonuniformity of the surface wave launched by the
sfanted apodization pattern.

When a wave is launched in a direction other than
a pure mode axis on an anisotropic substrate, the phase
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velocity and group velocity are no longer colinear. This
causes the wave energy to "walk" off axis, an effect known
as beam steering or power flow. Figure 7 demonstrates
this effect for an unweighted, three tap transducer with a
25\ aperture launching energy towards a single 300x long
tap on YZ-LiINbO,. The separation is 300\, and the wave
is launched at an angle of five degrees from the Z axis.
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Figure 6. Diffraction pattern of a 5 tap slanted apodized
transducer to a single tap

RELATIVE
AMPLITUDE

PROPAGATION
DIRECTION

i
R,
%

r,hs

ENERGY FLOW oM Pos\‘\' \oR
e

Figure 7. Diffraction pattern of a 3 tap transducer
misaligned with pure mode axis of YZ-LiNbO,
by 5°.
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direction in which the wave was launched.
As illustrated by the arrow indicating the
direction of energy flow, the entire response
moves transversely due to the effects of
beam steering, causing the wave to "walk"
off to one side. Note that this effect is
different than the simple asymmetrical

9] : L 20 "
SO 100 Q S0

BEAM WIDTH
BEAM PROFILES att 3

3

BEAM WIDTH
BEAM PROFILES att 4

To0 distribution of energy in the field of a slanted
apodized transducer, seen in Figure 6. ltis
also interesting to note that power flow
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appears as a natural consequence of the
1 interaction of point source responses used
in this analysis. The reasonable agreement
of the predicted power flow angles with
values established using plane wave
diffraction theory for various substrates
indicates that the first order approximation
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Figure 5. Diffraction of a 5 tap apodized
transducer without slant to single tap

(a). Two-dimensional time domain response

(b). Three-dimensional time domain response

{c) - (f). Transverse beam profiles taken at
various times as indicated by t1 - t4
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BEAM WIDTH

00 used to incorporate anisotropy into our
model is valid.

EXPERIMENTAL RESULTS

Although the three dimensional plots of diffracted
transducer responses in the time domain are interesting
and add a great deal of insight into the nature of the
diffraction process, they are not generally useful for
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comparing theoretical and experimental results. Nor are
these calculations used in finding frequency domain device
impulse responses, since it is much faster and
computationally more efficient to keep track of only the
total amount of energy being received by an output
transducer at any point in time, rather than keeping track
of the amount of energy arriving at each spatial location
at each time separately. Thus, equation (5) can be
evaluated to find the time domain response for an arbitrary
set of transducers, and Fourier transformed to yield the
desired frequency response.

Experimental devices consisting of an in-line
apodized to unweighted transducer pair were implemented
on YZ-LiNbO,. The Blackmann function was used to
weight the apodized transducer. Various aperture
combinations and separation distances were evaluated,
but due to space limitations, only one case (50x to 50\
apertures, 100 mil separation) will be presented here.
Figure 8 shows the comparison of actual device
performance with the ideal response and the theoretical
response predicted using the impulse response diffraction
model. Agreement between theory and experiment is
quite good, despite the fact that the electrode charge
distribution and electrical network effects were not taken
into account in the analysis. Further work is being done
to incorporate such effects. It is particularly interesting to
see the extent to which the device sidelobes deviate from
the ideal case due to diffraction considerations alone.
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Figure 8. Comparison of actual device performance with
the ideal frequency response and that predicted
by the impulse response diffraction model.

CONCLUSION

This work has succeeded in generating a two-
dimensional diffraction analysis applicable to arbitrary
transducer geometries and substrate anisotropy. The
time domain approach provides an analysis which is
simple, elegant, and fast enough to be practical for use

in design and compensation applications. Since a time
domain impulse response is used, the method is
inherently broadband.

In addition, the method of integrating point source
responses over a source distribution is complete general,
and can therefore be applied to analyzing arbitrary device
configurations.  Some examples of devices where
diffraction modeling might be useful include dispersive
devices, RACs, and focused IDTs. A great deal of insight
into the process of diffraction can be gained from the
three-dimensional plots of diffraction patterns. Although
the three-dimensional plots shown are not very useful in
evaluating bandpass filter behavior, it is possible that they
could be useful in applications such as those mentioned
above. One example is focused interdigital transducer
systems, where three-dimensional plots could be used to
predict the location of focal points for a given geometry.
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