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Abstract

Recent advances in surface wave device (SWD) technology have made it possible to obtain bandpass filters
with insertion Tosses as low as 0.65 dB by implementing 3-phase unidirectional transducers. This paper dis-
cusses the techniques used for electrically matching unidirectional SWD's and shows recent experimental results
obtained by using these techniques. Also included are discussions on electrical measurements of 3-phase trans-
ducer terminals, different methods of phase splitting and transducer interface, component value calculations
for phase splitting and matching, and a review of sources of filter insertion loss.

I. Introduction

Recent reports®®? have discussed principles and
development of low loss surface wave device bandpass
filters using three-phase unidirectional transducers?.
One of the major problems in implementing unidirec-
tional surface wave devices (USWD's) has been the
additional interface and matching complexities caused
by using 3-phase transducers rather than the usual
single-ended 2-phase transducers. This paper dis-
cusses the different techniques for matching to 3-
phase transducers, in addition to presenting some
recent experimental results using these techniques.

One of the major difficulties in using 3-phase
transducers is that the interactions of the different
terminals of the transducer with each other prevent
simple single-port electrical characterization of the
terminals. Taking either 3-port S-parameter measure-
ments or 2-port measurements (with the third port
grounded) effectively circumvents this problem. Also,
if great care in measurement and interpretation is
made, a simple single-ended impedance measurement can
be made by grounding one port and measuring the other
two ports in parallel and converting the results to
equivalent S-parameters. After obtaining the S-
parameter measurements (or equivalent), an S-matrix
can be derived, which properly characterizes the 3-
phase transducer under any external electrical condi-
tion. It should also be noted here that the above
measurements can also be equivalently obtained for
unidirectional transducers of 4 or more ports, but
the added complexity in most cases does not justify
utilizing transducers of more than 3 ports.

II. Transducer Interface Methods

Thus far, three methods of interfacing 3-phase
transducers to a single-ended source have been found.
The first method, shown in Figure 1, avoids using any
phase-shift network. The phase shifting from 2- to
3-phase and 3- to 2-phase is accompliished by cas-
cading two USWD's as shown in the figure. The only
external electrical matching required is that of the
center transducers, which are matched the same as any
conventional transducer. In addition, a single
inductor between each of the three ports of each uni-
directional transducer is required for optimum
matching of the complex transducer impedances. Even
though the interface component complexity is signif-
icantly reduced by using the above circuit, several
disadvantages remain. One of the main disadvantages
is the necessity of using two devices which doubles
insertion loss and size. Another important disad-
vantage is that this particular method encourages
circulating acoustic waves and therefore decreased
triple-transit suppression unless the center trans-
ducers perfectly absorb all incident acoustic energy.
Wideband experimental devices have been fabricated
using the above interface methods, which had approxi-
mately 8 dB insertion loss and 1.5 dB ripple at the
center frequency, but increasing ripple away from

the center frequency.

The second method of interface, shown in Figure
2, has been used previously with good results!’?,
particularly for wideband matching. The circuit con-
sists of matching networks from each of the 3 trans-
ducer ports to a 3-port phase splitter. The 3-phase
splitter can use either a lumped-component delay cir-
cuit or transmission 1ine of appropriate length and
impedance. The primary disadvantage of this second
method of interface is the excessive number of com-
ponents required which discourages its use in prac-
tical applications.

The third method of interface, reported pre-
viously in theory®, but only recently implemented in
practice is shown in Figure 3. With this method,
only a single 60° phase shifter and one matching
network is needed to provide the correct phase
relationship between the terminals if one of the
terminals is grounded. Figure 4 demonstrates by
vector relationships how this is possible. The phase
shifting for this circuit must be done directly
between unmatched terminals, because any matching
between the ungrounded terminals and the 60° phase
shifter will introduce unsymmetric phase shifts
between the transducer terminals. Incorporating a
pi-network as the 60° phase shifter gives a resul-
tant interface circuit with a minimum number of com-
ponents, thereby making it easiest for "tweaking" to
optimum performance. However, using a pi-network
may produce a somewhat narrower interface bandwidth
than the 3-phase interface method discussed earlier.

I1ITI. Interface Circuit Analysis

The problems of implementing transducer inter-
face circuitry, using the last two methods of inter-
face discussed above, can be reduced to two major
areas: designing an adequate phase shifter and
implementing the device S~parameter measurements in
such a way to determine required circuit component
values. Phase shifting an arbitrary angle can be
done by three methods used thus far: distributed
transmission 1ines of appropriate length and impe-
dance, a pi-network, and a bridged-T network. A
distributed transmission line would find application
at high frequencies (>300 MHz) where lumped-component
circuits would be impractical to implement because of
excessive parasitics.

A pi-network® is one of the simplest "lumped
element" circuits that can provide a desired phase

_ shift at a given frequency. Assuming a series in-

ductor (L) and equal value parallel capacitors (C)
and an equal input and output impedance (R,), the
circuit component values at frequency (w=2nf) and
phase lag (6) are:



_ Ro sin 8

w(1-cos 8)

Using a pi-network rather than the equivalent
T-network allows even further simplication for the 60°
phase shift interface circuit because some of the com-
ponents conveniently combine together with the match-
ing network components.

A bridged-T circuit®, shown in Figure 5, is more
complex than a pi-network but allows a greater band-
width in matching. In fact, the circuit impedance
can be designed to remain constant over any frequency
range provided the following relationships between
circuit components are maintained: L;=4L, and L,=
Ro2 (C/2), where R, is the circuit impedance. The
phase shift at frequency (w=2nf) is given by the
following derived formula:
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where X=wL:- 2/wC. The best way to use this formula
for determining component values at a given angle and
frequency is by graphical solution. It has been
found that the phase change as a function of frequency
for the bridged-T circuit is only slightly greater
than that for an equivalent transmission line, thereby

making this network very useful for wideband phase
shifting.

The procedure for matching a three-port trans-
ducer using the 3-phase splitter described earlier
can be summarized as follows: the 3-port S-matrix of
the transducer is converted to the equivalent Y- or Z-
matrix (as needed) and then modified by the addition
of trial values of matching network components. The
modified matrix is then converted back to S-parameters
and checked for optimum matching to the 3-phase
splitter. If matching is not optimum, then the trial
values of the matching network are modified accord-
ingly until after several iterations, the S-matrix is
matched.

Interfacing the SWD transducer with a single 60°
phase shifter required a somewhat different procedure.
With this method, 2-port S-matrix measurements are
taken and then converted to the equivalent Y-matrix.
Given this Y-matrix and the 60° phase lag constraint
between the two ports, a single-ended admittance can
be derived at each of the two ports. Using the value
of admittance for port-2 (see Figure 3), and assuming
6=60°, the pi-network component values can be derived
by using equation (1). Combining the components
from the pi-network with the Y-matrix gives a modified
Y-matrix from which a new admittance for port-1 can be
derived. The derived port-1 input admittance can then
be matched as a single-ended impedance with simple 2-
element matching networksS®.

IV. Experimental Results and Sources of Loss
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The last method of interfacing using a single 60°
phase shifter looked the most promising in terms of
practical implementation; therefore experimental
results will be shown only for that particular method.
Figure 6 shows the most noteworthy result thus far
obtained — a surface wave device with an insertion
loss of only 0.65 dB, the lowest loss known to be
reported thus far. This device had a center frequency
of 34 MHz and used 5% bandwidth unweighted transducers
on a lithium niobate substrate. A relatively low
center frequency was initially chosen for these exper-
imental devices to avoid additional fabrication and
performance problems appearing at higher frequencies.
Figure 6 also shows the very Tow level of periodic
triple-transit ripple which is inherently obtainable
with unidirectional transducers. The "impulse
ripple" seen in the figure is most Tikely due to
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resonant plate modes which can easily be suppressed in
future devices. Figure 7 shows the sidelobe response
of the same device which can certainly be optimized
with suitable weighting techniques!, and also by
improved plate mode suppression techniques. Figure 8
shows the response of a wider band (20% bandwidth)
device of the same frequency also with unweighted
transducers on lithium niobate. Even though the
insertion loss of this device is somewhat greater (2.5
dB) in comparison to the narrower bandwidth device,
the sidelobe suppression has considerably improved.
This improvement is due to the inherent matching net-
work "rolloff" because of the wide transducer band-
width required and also because of the higher elec-
trical Q of the wideband transducers. Figure 9 shows
the actual interface networks with nominal circuit
component values as used for both of the above experi-
mental devices. These circuit component values were
derived using the procedures described earlier and
required little "tweaking" to obtain the above experi-
mental results.

In order to obtain the very low insertion losses
described above, a study was made of different sources
of filter loss. Some of the sources of loss include:
reflection mismatch loss, resistive parasitic losses
in the phase shifting and matching networks components,
improper amplitudes and relative phases between trans-
ducer terminals, parasitic resistance losses in the
transducers, and diffraction and beam spreading losses.
Any of the above losses can contribute significantly
(>0.5 dB) to overall loss if care in design is not
taken. Although approximate quantitative estimates
have been made for some of the above sources of loss,
the best procedure is to minimize all Tosses as much
as possible. Reflection mismatch loss and improper
amplitude and relative phase between transducer ter-
minals can be minimized by careful optimization of
shift and matching network component values. Using
high-Q phase-shifting and matching components mini-
mizes component parasitic effects, which are especially
significant for wideband transducers. Parasitic
resistance losses in the transducer can be minimized
by using as thick of aluminum fingers as practical
(usually 5,000 to 10,000 A) and minimizing beamwidths
without causing excessive diffraction. Diffraction ~
and beamspreading losses are minimized by placing the
transducers as close together as possible without
causing excessive cross talk and also by making the
beamwidth as wide as possible without causing exces-
sive parasitic resistive losses. Other sources of loss
that are usually negligible (<0.1 dB) include: phase
errors caused by diffraction or velocity changes under
the fingers, end effects in transducers due to unequal
driving strength between middle and end fingers ,
energy absorption due to different plate modes in the
substrate, and propagation attenuation on the sub-
strate surface.

V. Conclusion

For future USWD's, even further external com-
ponent reduction is possible. For example, at any
design bandwidth, if the unidirectional parameters
are adjusted such that the equivalent parallel resis-
tance of Y (as shown in Figure 9) is 150 ohms, only
3 components are required for matching and phase
shifting. Furthermore, if the transducer is designed
to have an electrical Q of approximately 1.7 (which
corresponds approximately to 8% bandwidth on Tithium
niobate substrates) as well as having the above
parallel resistance of 1500, only two electrical
matching and phase shifting components are required,
which is the same number as usually used for matching
conventional transducers.



In conclusion, it has been shown that very low
loss surface wave device filters using 3-phase uni-
directional transducers can be fabricated and matched 1.
with insertion losses as Tow as 0.65 dB. The ultimate
insertion Toss obtainable for future devices will
depend on the bandwidth required and the type of sub-
strate material used. Nevertheless, for any bandwidth 5
the unidirectional transducer clearly gives an inser- :
tion loss reduction of 6 dB and almost complete triple-
transit suppression as compared to conventional bi-
phase transducers. Applications for filters with Tow
losses of the magnitude now obtainable include
receiver front end filters, transmitter filters, or 3.
any other application where low noise figure, high
efficiency, or large dynamic range is required. A
systematic transducer interface and matching pro-
cedure has been derived showing how 3-phase trans- 4
ducers can be interfaced with a minimum number of :
components, thereby allowing practical implementation
of USWD filters for many of the applications mentioned
above. 5.
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Figure 7. Narrowband USWD Sidelobe Frequency Response
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Figure 6. Narrowband USWD In-Band Frequency Response

Figure 8. Wideband USWD ‘Sidelobe Frequency Response
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FIGURE 8. EXPERIMENTAL NETWORKS USED FOR
UNIDIRECTIONAL TRANSDUCERS



