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circuit representation of MSSW excitation can be ob-
tained without resorting to the computational complexity
of a full Maxwell equation—boundary value problem
approach. Although the radiation resistance is a com-
plicated function, it is of analytic form and thus is readily
evaluated for a wide range of experimental conditions.
The radiation reactance can be obtained from a numerical
Hilbert transform of the resistance with little extra com-
putational effort. Finally, the third element of the model
can be derived from the characteristic impedance and
guide wavelength of the microstrip line in the absence of
MSSW excitation.

It is, unfortunately, not possible to draw a set of univer-
sal curves showing the dependence of £, on the various
geometrical and material parameters. In this paper we
have shown only those curves relevant to our experimen-
tal parameters to demonstrate the validity of the model;
in general, Z, must be calculated for each set of parame-
ters of interest. However, from (4), (5), {(6), and (9) it can
be seen that, for a given bias field, Z _(w) does not change
if the microstrip width b, dielectric thickness ¢, and mag-
netic layer thickness 4 are simultanecously scaled by a
constant factor.

The experiments show that the equivalent circuit model
is most effective for relatively wide stripwidths, but it
accurately predicts the peak radiation resistance in all
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cases examined. For narrow strips, the correct qualitative
dependence upon geometrical parameters is observed, but
the bandwidth of the radiation resistance is consistently
overestimated. The radiation reactance therefore also dif-
fers significantly from the predicted response. Despite
these limitations, we believe the model to be a useful
guide in the design of MSSW devices, both in selecting
optimum geometrical parameters for the desired applica-
tion and in designing appropriate matching circuitry.
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Harmonic Analysis of SAW Transducers

CARL M. PANASIK anp BILL J. HUNSINGER

Abstract—The excitation function of an unapodized interdigital trams-
ducer (IDT) is determined by measuring the discrete impulise response,
taking into account the first seven harmonics of the frequency domain.
Using a time-segregation method, all non-SAW time-domain components
are suppressed. A single transducer is isolated by a method of autodecon-
volution that utilizes a theoretically derived phase function. The resulting
excitation function provides experimental imsight into the operatiom of
IDT electrodes and compares well with the theoretical response of Smith
and Pedler [3]. The basic amalysis techmique can be used for other
configurations, once the frequency-domain phase response of one frams-
ducer is known,

I. INTRODUCTION

N EXPERIMENTAL analysis technique has been
devised which produces the time-domain excitation
function of an isolated interdigital transducer (IDT). The
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time-domain excilation function is defined as the instanta-
neous surface acoustic wave (SAW) amplitude displace-
ment distribution resulting from a voltage impulse applied
to the transducer. Works of Engan [1], Hartmann and
Secrest [2], Smith and Pedler [3], Bahr and Lee [4], and
Szabo et al. [5] have presented theoretical descriptions of
the SAW electric fields produced by the IDT.

This paper describes a technique for measuring the
SAW amplitudes produced by these driving source fields.
The time-domain excitation function is found by measur-
ing the transducer frequency-domain voltage transfer ratio
in a low impedance system and transforming it to produce
the time-domain SAW amplitude distribution resulting
from the driving source fields.

II. SampLED TiME-DOMAIN CALCULATIONS

The frequency-domain transfer ratio is measured for
the distinct purpose of being transformed io the time
domain. The frequencies at which the transfer functions
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(a) Frequency-domain sampling. (b) Time-domain sampling
and increased time resolution.
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Fig. 2. Segregation of time-limited responses. (a) Original time
domain. (b) Original frequency domain. (¢) SAW time compo-
nents. (d) SAW frequency response.

are measured must be sufficiently close together to
account for the longest time delay component in the
impulse response. The sampling theorem assures that no
errors arise in the transform if the frequency measure-
ments are taken at a spacing of

1
Af <

max

(M

where T, is the maximum time range of the impulse
response (Fig. 1). The digital Fourier transform is circular
and

(D= 3 b1+ T @

i=1

where — T../2<t< Tp,./2 produces an overlay of all
time where h(f) . is the calculated impulse response and
h(?),. is the actual impulse response. If T, is chosen
greater than the longest actual time delay component,
h(#).a. uniquely describes the entire impulse response
without time-domain aliasing.

The maximum frequency measured (F,,,) establishes
the separation between the samples (A7),

At=1/F,,, (3
The total number of required measurement points is
T Fox
= Altax' = Tf = Tnax Fnax (4)

I1I.

SAW delay line impulse responses like that shown in
Fig. 2(a) are made up of multiple time-limited signals that
occupy individual nonoverlaying time regions. The direct
RF coupling [Azp(?)] and the delay line impulse response
[/r(?)] make up the complete transform of the measured
transfer function H (w) shown in Fig. 2(b):

H (w) =9 hgp(£) + hr(2)]-

SEGREGATION OF TIME-LIMITED RESPONSES
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Fig. 3. Transfer function representation of a SAW device.

The complete delay line impulse response is calculated by
taking the inverse transform of the measured frequency
response. The SAW impulse response is segregated by
suppressing all time regions of the impulse response ex-
cept for the transducer direct impulse response (Fig. 2(c)).
Transforming back to the frequency domain produces the
isolated SAW mode transfer function shown in Fig. 2(d).
The number (N') of points used in this calculation is
reduced to

N'=F T,

where F, defines the original frequency range and 77,
is the time duration of the nonsuppressed impulse re-
sponse.

Surface acoustic wave devices consist of two trans-
ducers operating in cascade (Fig. 3). If the propagation is
nondispersive and diffraction free, the transfer functions
of individual transducers multiplied together produce the

delay line transfer function

H ()= H, () Hy(w)-exp(jwTp) (M

where H (w) is the transfer function of the input trans-
ducer, H,(w) is the transfer function of the output trans-
ducer, and T, is the time delay. The delay is removed by
taking the phase slope out of the measured frequency
data.

The response of transducer 2 may be written as

®)

To solve (8), H,(w) must be known. In general, neither
H\(w) nor Hy(w) is experimentally known, but for the case
where the transducers are identical and unapodized, (8)
reduces to the autodeconvolution

Hy(w)=VH () - €

In the process of autoconvolution, the frequency phase
function is doubled, and phase values of # become 27 =0
and, therefore, cannot be recovered by the inverse process
of autodeconvolution. Additional phase information must
be added for the autodeconvolution to produce a unique
single transducer response.

1V. EXPERIMENTAL RESULTS

The device selected for harmonic analysis has two 15-
wavelength apertures, six double-electrode transducers
separated by approximately 100 wavelengths. These
aluminum fingers are deposited on a 20-mil thick LiNbO,
substrate and have a stripe-to-space ratio of 0.388. The
back surface has been grooved at 45° to scatter deep bulk
waves.

The time-domain analysis system [6] enables one to
accurately measure the effective tap weights and delays of
a SAW filter in a form compatible to computer analysis.
Along with the first-order response, the tap weight and
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Fig. 4. Original measured harmonic data. (a) Frequency domain with
RF coupling. (b) Impulse response.
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Fig. 5. (a) Frequency response after deletion of all non-SAW time
components. (b) Expanded impulse response at ¢=0.

®

delay data take into account all higher order transducer
responses such as regenerations, reflections, diffraction,
and bulk modes. The original frequency-domain data
(Fig. 4(a)) have a considerable RF coupling contribution
(Fio A(hYY The SAW mode is isolated bv the suppression

449

- Phgse
~==Amplitude

Amplitude

240 360 480

Frequency (MHz)

Y
O 120

Fig. 6. Theoretically derived phase function.

05

Amplitude

~054

~104—
-008

L

-0025 8]
Time {usec)

0025 008

Fig. 7. Experimentally calculated excitation function.

of all non-SAW time components (Fig. 5(a)), while time
delays are removed by adjustments to the phase slope
(Fig. 5(b)).

Assuming that the processes of generation and detec-
tion are identical, separation of the two identical un-
~podized transducer responses is performed by autode-
convolution (9). The previously mentioned phase ambigu-
ity is removed by the introduction of a = phase shift where
anticipated from the phase of a calculated single trans-
ducer harmonic response. This response is not the trans-
form of a theoretical impulse response. In that case, the
magnitudes of each harmonic would be equal, giving an
mmaccurate representation. Rather, the frequency response
used for phase crossover determination is created by the
addition of four sinc(w) functions centered at each
harmonic and magnitude weighted by the experimental
magnitude [ H,(w)] at that harmonic (Fig. 6). The phase of
this composite response is subtracted from the phase of
H (w), leaving the phase function of a single transducer.
Relative phase offsets between harmonics are adjusted to
the theoretical values determined by Hartmann and
Secrest [2, Fig. 2]. Further work to resolve these phase
ambiguities is required for the general case where the
transducers are not identical and the relative weights of
cach transducer’s harmonic response is not individually
known. Before Fourier transforming, the time resolution is
expanded by appending zeroes to the frequency-domain
data. The result is the measured excitation function for a
six double-electrode unapodized IDT (Fig. 7).

The impulse response of two double electrodes at the
center of the transducer (Figs. 8(a) and (b)) is compared
with the theoretical time response predicted by Hartmann
and Secrest (Fig. 8(b)), and the time response predicted by
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Fig. 8. Comparison with four-term Fourier series expansion. (a) Ex-

citation function of two double electrodes.

Secrest. (c) Smith and Pedler.

Smith and Pedler (Fig. 8(c)). Both theoretical responses
are calculated from the first four terms of the Fourier
series expansion and are for a stripe-to-space ratio of
0.388. The predicted response of Smith and Pedler [3]
more closely compares with this experimental data than
that of Hartmann and Secrest [2].

V. CONCLUSION

The excitation function of an unapodized interdigital
transducer is determined by measuring the discrete im-
pulse response, taking into account the first seven
harmonics of the frequency domain. Using a time-segre-
gation method, all non-SAW time components are
suppressed. A single transducer is isolated by a method of
autodeconvolution which utilizes a theoretically derived
phase function. The resulting excitation function provides
experimental insight into the operation of IDT electrodes.
For the case of two identical six double-electrode IDT’s,
the comparison with the theory of Smith and Pedler [3] is

(b) Hartmann and

striking. The basic analysis technique can be expanded to
nonidentical transducers and other electrode configura-
tions, once the phase response of one transducer is known.
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