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The reflected (M~l) and transmitted (M~l) signals are measured

ncymalized to the reference signal. The unknown is then turned

around to measure ME2and M~2. The scattering parameters of the

deviwunder test aregiven bythefollowing equation system:

ME1 = coo+
.slleOl(l — stze2z) + s.nslzetieol

D,
(1)

ro3

Fig. 3. Signal flowgraph of syst;m&odel (switch & included in test
s21e32

MT, = eaO+—
D,

(2)

.!?12e82
MT2 =ejo+x (3) D, = 1 –s,,rl, –s,,r,, –s,,si,r,,rt, +s,ts,,rl,r,,. (20)

The explicit solution to the scattering parameters of the measured

device is then

.m = [G(I +rd7) — r.2tEF]/N~ (21 )

su = E/NI (22)

sz = F/Nl (23)

SM = [II(1 + rllG). — rllEF1/N1 (24 )

MrZZ = eoo +
s22e0i(l — s11e22) + s21s12e22e01

Dt
(4)

where

D, = 1 – sllen – si.,ei., —slzszlelleiz +.%slleueaz (5)

As mentioned in [2], 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:

where

NZ = (1 +r-ilG)(l +r,&) –rm,EF (2.5)

E = MT2 –ro3

r0m23
(26)

SII = [C(I +Deli) — -4 Bed/N (7)

s12 = [1 + C (e,, – ez,) ]A/N (8)

(27)
s21 = [1 + D (eu – eaa) ]B/N (9)

sjt = [D(l + cell) – ABeti]/N (lo)

where

N = (1 + De,,) (1 + Cell) – ABeZa2 (11)

(29).4 = (MT2 – ejo) /e3t (12)

As is seen above, the leakage pathe will not significantly increase the
computer time needed. Accuracy, however, will be improved.

C = (MR1 – eOO)/eO1 (14)
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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 i% 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 [1]. An explicit eolution for the scattering parameters
of the unknown has been found, by Kruppa and Sodomsky [4].

ln 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 & in
Fi,g. 1 is in the left position, while signals in parentheses apply when

the switch i% is in the right position.
Again, by making measurements on standards, the error param-

eters r~~–r~~ can be determined. The procedure will be similar to the

one mentioned previously. The calibration process described by
Hackborn [1] has to be extended to include two transmission

rneasu~ernents with SM = .M = O for the determination of r?o and r~~.

An analysis of the flowgraph yields
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choice of material for a given application. Methods for designing

uniform periodic interdigital transducers including finger ohmic

loss, 10SSY 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 andother 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 theoptimum material isgenerally undertaken first

and depends on velocity, coupling constant [11, 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
bemore specific than the universal information possible when each
loss mechanism is considered individually [8]. The aim of presenting
these data istoenable the designer to: a) make aninitial choice of
material; b) determine when these loss mechanisms (which are

external to the transducer) become significant; and c) pinpoint

those variables that must be held to within specified tolerances in

order to maintain acceptable loss levels.
The final sections ofthisshort paper willoutline procedures (with

illustrative examples) forthe design of optimum periodic unanodized
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 interdlgital
transducers have been extended to account for beam steering and
diffraction.

II. MATERIAL SELECTION INCLUDING DIFFRACTION
AND BEAM STEERING

l)iffraction is a fixed physical phenomenon for a given material,

while beam steering (see Fig. 1 ) can be controlled by preciee 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 y = dd/&?, 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 unanodized input and output transducers.
Thk theory has been explained in detail elsewhere [8] and its limits

of applicability fully delineated [8]. Some popular orientations

including YZ LiNbOS fall outside these li~its.

For Fig. 2, the acoustic aperture k L = W ~welewtk the

distance between input and output transducer 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

~=tf (1)

where t is the time delay and j the frequency of the device of interest.
Several important features can be noted with reference to Fig. 2.

Diffraction loss goes to O for those materials having -y = – 1.0 and,

as expected, the combined loss curve agrees exactly with the beam

steering loss curve. Those materials having -r = O correspond to
locally isotropic cases and beam steering goes to O. Here, diffraction
accounts for the total loss. Diffraction loss alone is symmetric
about -r == — 1.0 and beam steering loss about -y = O, w~le the

combined curve is clearly nonsymmetric.

I I I I I
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Fig. 1. Schematic of beam steering and diffraction: nonrsetangular
shape of surface wave profile is due to diffraction. Profile is not centered
on receiving transducer due to beam steering. Both effects contribute
to insertion loss when surface wave amplitude is integrated over
receiving transducer.
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Fig. 2. Loss due to diffraction and beam steering~as a function of slope

of power flow angle for para~olic materials. L represents width of

transducers in wavelengths. Z the distance between transducers in
wavelengths. and B S + 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 y = – 1.o 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 = O
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 [21 (-Y =
+ 0.378) and 001, 110 Bi,,GeO,O (y = – 0.304). The shape of the

-Y = – 0.304, BS ~ = 1.0 curve is clearly different from that of the
~ = —. 0.304, BS < = ().() 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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Fig. 3. Loss due to diffraction and beam steering as a function of slope
of power flow, angle mth beam. steering angle as, parameter. Beam
steering angle IS defined as nusahgnment of center hne between trans-
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Fig. 4. Loss due to diffraction and beam steering as a function of
distance in wavelengths between transducers. Value of -y = +0.378
for slope of power flow angle corresponds to ST quartz, while ~ =
—0.304 corresponds to 001. 110 Bi~*GeO~o.

deeigncurves directly intended to aidinthe choice of m~terial. It is
of interest topoint out that theloss isveryhlghforthe.z = 75OOO
curve near -y = – 1.0. Forthis large distance beam steering is very

important, especially fornarrow utndiffracted beams, and some beam
spreading is to be desired. Since Zis 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 longtime
delays.

Diffraction and beam steering can affect device frequency response
by increasing insert~n loss as a function of frequency, as shown in

Fig. 6. Here & and ZO represent the transducer aperture and separa-
tion at the center frequency f, for ST quartz LY = +0.378) and 001,
110 BilZGeO,O (~ = – 0.304). The change in lees is slight and would

be considered important only for very wide bandwidths or extreme
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Fig. 5. Loss due to diffraction and beam steering as a fuuction of
slope of pow~er flow angle with distance in wavelengths between

transducers. Z as parameter.

crises (large ~0 or small ~0 ). In general, diffraction 10SS decremes
with frequency but propagation 10SS increases with frequency.
These effects are partially compensating, and for certain csses 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 hse been chosen, the number of in-

terdigital periods N and the optimum acoustic aperture can be
determined. In practical deeign situations dealing with losses and

real elements, the choices of these parameters are interdependent.
Thus, for example, optimum apertures should be determined for
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Fig. 6. Loss due to diffraction and beam steering corresponding to
fix~d transducer ptir having an acoustic ap~erture at center frequency

Of Lo. a Separation at Cent~r frequency of ZO.Aand ~perated over indi-
cated bandwidth. That is. L = ~0 (f/f o) and Z = ZO (f/f o).
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Fig. 8. Generalized equivalent circuit of periodic unanodized interdigital transducer operating in matched transmission line
system. ZT repre~ents the usual acoustic and finger-capacitance elements, RC represents the ohmic loss in the interdigital
fingers, C, represents parasitic shunt capacitance, and ZL is the impedance of the 10SSY 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]

~2=z
Q, (2)

where I& 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 cliff raction 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 whkh 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 transducer insertion loss as a function of the various
design parameters, particularly acoustic aperture. In order to ac-

complish this task, we adopt the generalized [12 ]–[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 log10 [TE]2 (3)

where TE is the individual transducer efficiency [13]. 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 2 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

[12]-[14], [17]. In addition to those parameters shown in Fig. 9,

the following values corresponding to ST quartz at ~0 = 660 MHz

were used: N = 20; inductor Q = 30; time delay = 10 ps, sheet
resistivity~[14] p/t = 0.345 Q/•, yielding [13] a value of R,r =

4.6 Q at L = 100; unity finger to gap ratio and relative dielectric
constant [16 ] ~P~T = 4.55, yielding [18] a value of Cr = 0-4$ PF

A
at L = 100; I@ = 0.0016 [16]; and surface wave velocity v,, =

3158 m/s. The value of the tuning inductor was varied for each

value of 2 to obtain the lowest value of insertion loss for that ]par-
ticular aperture.

When propagation loss at 660 MHz is included [8], the overall
loss increases substantially, but the optimum value of acoustic

aperture yielding minimum insertion loss remains the same. ‘The
final result of all our efforts is the top curve of Fig. 9, which r~pre-
sents the optimum design information. Beam steering and dif-

fraction loss have been included from data similar to Fig. 7. Overall
~inimum insertion 10SS is obtained using an acoustic aperature of

L = 100 wavelengths. The optimum apertures were determined
graphically, as this has been found to be the meet convenient
method in actual practice. A curve for the ideal case corresponding



462 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, APRIL 1974

40

- 30
m
-0

(n
w
0
-J

z
0
—

~ 20
m
z—

w
z
:

>
a

ii ,C

n

c

I I 1 1 I I I I I I I

~ = +0.378

2 = 6600

13S4- =01”

CE=O I PF

@

PROPAGATION

EFFECTS

@
I J

“Jn
\ IDEAL

CASE

I 1 I 1 I I 1 I I 1 I

20 40 70 100 200 300

~ (WAVELENGTHS)

I?ig. 9. Delay line insertion loss versus acoustic aperture curves used
to choose optimum (minimum insertion loss) acoustic aperture
Curve 1 includes real transducer effects (Q = 30, p/t = 0.345 Q/u.
and GE = 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. Cnrve 3 jncludes
only transducer effects. Curve 4,is the ideal case. corresponding to
Q = Y, P/t, = O. and CIC = O with zero propagation. beam steering
and diffraction losses.

totheoriginal Stanford design procedure [lO], [Il]ie also presented
in Fig. 9forcomparison. Here, R~ = O,RC = O,C. = O,BS < = O,

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, MEMZZEZl, IEEE, KAZUHIKO ATSUKI,
AND TOSHIHIKO AKAMATSU

Absfracf—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. Results of numerical computations

indicate that it is possible to obtain a broad-band modulator by

using LiNbOs or LiTa03.

I. INTRODUCTION

The impedance matching problem of a traveling-wave electro-

opt,ical modulator has not been solved for years, though it is an
important factor in the limitation of the bandwidth of the modulator
[1], [2]. Recently, a lithium tantalate traveling-wave modulator
has been reported which has the characteristic impedance close to

the normal 50-Q impedance system [3]. 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.

II. 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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