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The reflected (Mgz1) and transmitted (M) signals are measured
normalized to the reference signal. The unknown is then turned
around to measure M, B and Mr;. The scattering parameters of the
device under test are given by the following equation system:

sneo (1 — smen) -+ susSnenen

Mp = eg (1)
k D,
821632
Mz = ep + (2)
812832
Mz = e + 3)
Sg9001 (1 — 8n1€2) -+ SmSizea€01
Mg = e + (4)
D,
where
Dy =1 — suen — a6 — S1sSzuenex + SpSuenes (3)
Dy =1 — spenn — suess — s1a8menes + Snsnenes. (6)

As mentioned in [27, an iterative process can be used to find the
scattering matrix of the unknown device. This has been found to be
unnecessary since, by making substitutions in (1)-(4), the explicit
solution has been found:

sn = [C(} + Den) — ABex /N (7)
su=[1+C(en — en)J4/N (8)
sn =[1 + D(euw — ex}]B/N 9)
822 = [D(1 + Cen) — ABey /N (10)
where
N = (1 + Deu) (1 + Cen) — ABey? (11)
A = (Mr; — e3) /e (12)
B = (Mp ~ ex)/en (13)
C = (Mg — en)/en (14)
D = (Mg — ew)/en- (15)

The scattering parameters of the unknown have to be determined
at every frequency. Thus the explicit solution will save a lot of
computer time.

When the coaxial switch S, in Fig. 1 is included in the test unit,
the measured device does not have to be manually turned during
measurements. A flowgraph model for this system has been presented
by Hackborn [17. An explicit solution for the scattering parameters
of the unknown has been found by Kruppa and Sodomsky [4].

In the flowgraph model by Hackborn, however, no leakage path is
included. A flowgraph model including leakage paths is suggested in
Fig. 3. Signals without parentheses apply when the switch S, in
Fig. 1 is8 in the left position, while signals in parentheses apply when
the switch S, is in the right position.

Again, by making measurements on standards, the error param-
eters ry—ry; can be determined. The procedure will be similar to the
one mentioned previously. The calibration process described by
szkborn [17] has to be extended to include two transmission
measurements with s;; = sa = 0 for the determination of r3 and rg;.

An analysis of the flowgraph yields

S‘lﬂ‘oﬂ'xo( 1- 8227“22) + SasiTerorio

Too +

= 1

Mm D, (16)

Mo = 1y 4 2270000 891732710 a7
D,

Mps = 15 + 8227'32’7'23(1 — 8uru) -+ SuS1rnTers (18)

Dy

My = ros + kil (19)

- D

where
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Signal flowgraph of sys‘oen;t )model (switch Sg included in test
unit).

(20)

The explicit solution to the scattering parameters of the measured
device is then

Dy =1 — sury — Searss — S1sSufuree -+ SaSufnte.

sn = [G(1 4 rpH) — ruEF /Ny 21
s = E/N, (22)
sy = F/N; 23)
899 == [H(l + 7‘110)‘ —_ TuEF:]/Nl (24)
where
= (1 4+ ru@) QA + reH) — rur,EF (25)
My, —
E= T2 To3 (26)
To1723
Mp —
F o= T1 T30 (27)
T107'32
M —
¢ = Rl — Too (28)
Tol10
=M (29)
723732

As is seen above, the leakage paths will not significantly increase the
computer time needed. Accuracy, however, will be improved.
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Abstract—Optimum procedures for designing microwave acoustic
surface wave delay lines are given. Combined beam steering dif-
fraction loss curves are provided as a function of the basic material
parameter, the slope of the power flow angle, to allow optimum
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SHORT PAPERS

choice of material for a given application. Methods for designing
uniform periodic interdigital transducers including finger ohmic
loss, lossy tuning elements, and parasitic capacitance have been
extended to account for beam steering and diffraction.

I. INTRODUCTION

For a particular center frequency and time delay, the design of
acoustic surface wave delay lines and other signal processing devices
consists of optimizing the insertion-loss bandwidth product con-
sistent with given system requirements. This, in turn, requires
optimum specification of all design parameters including choice of
material, interdigital transducer finger overlap (or acoustic aper-
ture), and the number of interdigital periods.

The choice of the optimum material is generally undertaken first
and depends on velocity, coupling constant [1], temperature coef-
ficient of delay [2], [3], propagation loss [4]-[6], beam steering
[7], and diffraction [8], [9]. The latter three properties become
particularly important in the upper UHF and microwave frequency
regions.

Quantitative data exist for each of the parameters listed above
except for combined beam steering and diffraction loss. The purpose
of this short paper is to provide such information. Since this loss is
not simply the sum of its separate constituents, design curves must
be more specific than the universal information possible when each
loss mechanism is considered individually [87. The aim of presenting
these data is to enable the designer to: a) make an initial choice of
material; b) determine when these loss mechanisms (which are
external to the transducer) become significant; and ¢) pinpoint
those variables that must be held to within specified tolerances in
order to maintain acceptable loss levels.

The final sections of this short paper will outline procedures (with
illustrative examples ) for the design of optimum periodic unapodized
acoustic surface wave delay lines at microwave frequencies. Trans-
ducer ohmic loss, lossy tuning inductor, parasitic capacitance, and
beam steering and diffraction are all included along with the standard
transducer design procedure. In other words, previous design
optimization procedures [10]-[14] for uniform periodic interdigital
transducers have been extended to account for beam steering and
diffraction.

1I. MATERIAL SELECTION INCLUDING DIFFRACTION
AND BEAM STEERING

Diffraction is a fixed physical phenomenon for a given material,
while beam steering (see Fig. 1) can be controlled by precise X-ray
alignment at the expense of increased device cost. Both, however,
influence the choice of acoustic surface wave substrate. An example
of how the combined loss of beam steering and diffraction varies
among materials is illustrated in Fig. 2, where the loss is given as a
function of v = d¢/d6, the slope of the power flow angle [8]. As in
all other cases in this short paper, loss has been calculated by in-
tegrating the complex acoustic amplitude over the aperture of the
receiving transducer using the parabolic anisotropic diffraction
theory [8] for identical unapodized input and output transducers.
This theory has been explained in detail elsewhere [8] and its limits
of applicability fully delineated [8]. Some popular orientations
including YZ LiNbO; fall outside these lir/pits.

For Fig. 2, the acoustic aperture is £ = 80 vg\avelengths, the
distance between input and output transducers is Z = 5000 wave-
lengths, and the misalignment from the desired pure mode axis,
or the beam steering (BS) angle, is BS & = 0.1°. In order to use
these data for practical situations, it is only necessary to insert the
slope of the power flow angle appropriate to the type and cut under
consideration. It is also useful to note that

Z=tf )

where ¢ is the time delay and f the frequency of the device of interest.

Several important features can be noted with reference to Fig. 2.
Diffraction loss goes to 0 for those materials having v = — 1.0 and,
as expected, the combined loss curve agrees exactly with the beam
steering loss curve. Those materials having v = 0 correspond to
locally isotropic cases and beam steering goes to 0. Here, diffraction
accounts for the total loss. Diffraction loss alone is symmetric
about v = — 1.0 and beam steering loss about v = 0, while the
combined curve is clearly nonsymmetric.
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Fig. 2. Loss due to diffraction and beam sbeeringAas a function of slope

of power flow angle for pa,ra,,lgolic materials. L represents width of

transducers in wavelengths, Z the distance between transducers in
wavelengths, and BS X the beam steering angle.

The results illustrated in Fig. 2 are of major importance in choosing
a material for a particular application. For example, where dif-
fraction is potentially a very serious problem, as in highly apodized
filters, a material having v =~ — 1.0 would be most desirable [15].

The importance of the beam steering angle is illustrated in Fig. 3
in which the combined loss curve of Fig. 2 is repeated along with two
other curves for different beam steering conditions. From Fig. 3
it is evident that whenever beam steering angles are expected to be
moderate or large, as, for example, in mass-produced devices where
cost limits X-ray alignment precision, a material having v ~ 0
should be chosen. Fig. 3 also shows by means of the drastic changes
in the shapes of the curves that universal beam steering diffraction
loss curves are not possible. This same point is illustrated in Fig. 4,
which also yields some practical loss data for ST quartz [2] (y =
+ 0.378) and 001, 110 Bi1sGeOs (v = — 0.304). The shape of the
v = — 0.304, BS & = 1.0 curve is clearly different from that of the
v = = 0.304, BS < = 0.0 curve, and thus they could not be com-
bined or superimposed.

Fig. 5 illustrates combined beam steering and diffraction loss
versus the time-delay-frequency parameter Z. These are the final
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—0 304 corresponds to 001. 110 Bi1aGeO .

design curves directly intended to 2id in the choice of magerial. It is
of interest to point out that the loss is very high for the Z = 75 000
curve near v = — 1.0. For this large distance beam steering is very
important, especially for narrow undiffracted beams, and some beam
spreading is to be desired. Since Z is proportional to frequency (for
fixed time delay), Fig. 5 also illustrates why beam steering and
diffraction are considered UHF and microwave frequency design
problems. Significant losses and material tradeoff considerations
exist at the higher frequencies and, of course, also for very long time
delays.

Diffraction and beam steering can affect device frequency response
by i mcreasmg 1nsert10n loss as a function of frequency, as shown in
Fig. 6. Here I, and Z represent the transducer aperture and separa-
tion at the center frequency f, for ST quartz (v = +0.378) and 001,
110 Bi;sGeOy (v = —0.304). The change in loss is slight and would
be considered important only for very wide bandwidths or extreme
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cases (large Zy or small ). In general, diffraction loss decreases
with frequency but propagation loss increases with frequency.
These effects are partially compensating, and for certain cases it is
possible to design the device so as to cancel the frequency skewing
effects of these two mechanisms.

For the ST quartz case depicted in Fig. 6, the variation of all loss
mechanisms will be explored in some detail in Section III.

III. OPTIMUM TRANSDUCER DESIGN

After an optimum material has been chosen, the number of in-
terdigital periods N. and the optimum acoustic aperture can be
determined. In practical design situations dealing with losses and
real elements, the choices of these parameters are interdependent.
Thus, for example, optimum apertures should be determined for

18- 8

16 -
y =+0.378

4 L4-35 7
246600

y=-0.304
{4100

2= 18,000
B85.4 =005°

LOSS DUE TO DIFFRACTION AND BEAM STEERING {dB)

0.8 LO
f/fo

Fig. 6. Loss due to diffraction and beam steering corresponding to
ﬁxed transducer pair having an acoustic aperture at center frequency .

of Lo a separation at center frequency of Z 0 and Qperated over indi-
cated bandwidth. That is. L = To(f/fo) and 2 Zo(f/fu)
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Generalized equivalent circuit of periodic unapodized interdigital transducer operating in matched transmission line

system, Zz represents the usual acoustic and finger-capacitance elements, R¢ represents the ohmic loss in the interdigital
fingers, C, represents parasitic shunt capacitance, and Zy, is the impedance of the lossy tuning inductor. Vg and Rg are the

equivalent circuit elements of the generator.

several values of N and the absolute optimum finally chosen. A
reasonable starting value for N is [10], [11]

m
N2 = =
4k2

)
where k? is the well-known electromechanical coupling coefficient
[16]. Once the value of N is fixed, the best value of acoustic aperture
depends on transducer and tuning element losses, parasitic elements,
and beam steering and diffraction losses.

In order to reduce beam steering and diffraction losses it is neces-
sary to use the widest possible acoustic apertures, as illustrated in
Fig. 7. Unfortunately, electrical matching considerations limit the
extent to which increased finger overlap can be used to reduce
overall device insertion loss. To demonstrate this effect and to
develop optimum delay line design procedures, it is necessary to
investigate fransducer insertion loss as a function of the various
design parameters, particularly acoustic aperture. In order to ac-
complish this task, we adopt the generalized [123-[14] or extended
Stanford [10], [11] equivalent circuit model shown in Fig. 8, which
includes lossy fingers, lossy tuning inductor, and the effects of
shunt capacitance.

If only transducer effects are considered, overall delay line in-
sertion loss in decibels is given by

IL (dB) = — 10 logy [TEJ (3)

where TE is the individual transducer efficiency [137]. Although the
examples that follow used the crossed-field model, the procedures
are, of course, not limited to this choice. ) '
Neglecting propagation effects, insertion loss versus 7, can be
directly determined using (3). Curve 3 in Fig. 9 illustrates this basic
information for ST quartz and a specific set of realistic parameters
[121-[147, [17]. In addition to those parameters shown in Fig. 9,
the following values corresponding to ST quartz at fy = 660 MHz
were used: N = 20; inductor @ = 30; time delay = 10 pus, sheet
resistivity [147] p/¢ 0.345 @/0, yielding [137 a value of B¢ =
4.6 @ at L = 100; unity finger to gap ratio and relative dielectric
constant [167] epp” = 4.55, yielding [18] a value of Cp = 0.48 pF
at [ 100; k2 0.0016 [16]; and surface wave velocity v, =
3158 m/s. The value of the tuning inductor was varied for each
value of I to obtain the lowest value of insertion loss for that par-
ticular aperture. ) ‘
When propagation loss at 660 MHz is included [87, the overall
loss increases substantially, but the optimum value of aceustic
aperture yielding minimum insertion loss remains the same. The
final result of all our efforts is the top curve of Fig. 9, which repre-
sents the optimum design information. Beam steering and dif-
fraction loss have been included from data similar to Fig. 7. Overall
minimum insertion loss is obtained using an acoustic aperature of
L 100 wavelengths. The optimum apertures were determined
graphically, as this has been found to be the most convenient
method in actual practice. A curve for the ideal case corresponding
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Fig. 9.  Delay line insertion loss versus acoustic aperture curves used
to choose optimum (minimum insertion loss) acoustic aperture
Curve 1 includes real transducer effects (@ = 30, p/f = 0.345 Q/0O.
and Cgp = 0.1 pF). attenuation loss. beam steering. and diffraction.
Curve 2 includes real transducer effects and attenuation loss. Curve 3
includes real transducer effects and attenuation loss. Curve 3 includes
only transducer effects. Curve 4 is the ideal case corresponding to

= o, p/t =0, and Crg = 0 with zero propagation, beam steering
and diffraction losses.

to the original Stanford design procedure [107], [11]is also presented
in Fig. 9 for comparison. Here, R, = 0, B¢ = 0,C, = 0, BS < = 0,
and attenuation and diffraction losses are neglected. The sub-
stantial difference is easily seen.

Iv. CONCLUSIONS

Typical sets of design curves for combined beam steering and
diffraction losses have been presented. These curves are expected
to be particularly useful in aiding in the choice of material for any
given application and in alerting the surface wave engineer as to
when beam steering and diffraction become serious design con-
straints.

It has been shown that in the presence of beam steering, each
material presents a special case and universal combined curves are
not possible.

The standard design optimization procedures for determining
interdigital transducer finger overlap have been extended to include
beam steering and diffraction losses in addition to finger loss and
external circuit effects.
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Application of Microstrip Analysis to the Design of a
Broad-Band Electrooptical Modulator

EIKICHI YAMASHITA, MEMBER, 1EEE, KAZUHIKO ATSUKI,
Axp TOSHTHIKO AKAMATSU

Abstract—This short paper describes a proposed structure of a
broad-band electrooptical modulator and an application of existing
microstrip analysis programs to determine dimensions of the struc-
ture for a broad-band property. Resuits of numerical computations
indicate that it is possible to obtain a broad-band modulator by
using LiNbO; or LiTaO;.

I. INTRODUCTION

The impedance matching problem of a traveling-wave electro-
optical modulator has not been solved for years, though it is an
important factor in the limitation of the bandwidth of the modulator
[17, [27]. Recently, a lithium tantalate traveling-wave modulator
has been reported which has the characteristic impedance close to
the normal 50-Q impedance system [37]. A structural design con-
sideration to match the light velocity and the modulation wave
velocity has also been reported [4]. The satisfaction of only one of
two conditions, the impedance matching and velocity matching,
may not be enough to obtain a broad-band property. Perhaps, the
best way is to search out a modulator structure by using a computer
calculation so as to satisfy these two conditions simultaneously.

JI. TRAVELING-WAVE ELECTROOPTICAL
MODULATORS

One of the proposed modulator structures is shown in Fig. 1(a).
Material 1 is a small electrooptical crystal to modulate laser light,
material 2 and 3 dielectric, and material 4 conductor to guide
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