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Abstract—The multistrip coupler performs the function of a di-
rectional coupler for freely propagating surface acoustic waves on a
piezoelectrically active substrate, Its operation is analyzed in terms
of a transmission line based equivalent circuit. Expressions are ob-
tained for the directionality (transmission and reflection) in terms of
the number of coupler strips and the acoustic frequency. Theory and
experiment are shown to be in very good agreement, 50-percent
metallization is found to give optimum performance; progressive in-
crease in the proportion of the coupler area covered with metal is
shown to involve a progressive change from an in-line field model to a
crossed-field model.

Outside a stopband region it is found that a simplified expression
for the directionality is valid; this greatly facilitates component de-
sign. Design criteria for multistrip components are discussed in terms
of substrate and bandwidth requirements. An analysis is included of
resistive and capacitative effects on coupling, and problems associ-
ated with coupling between dissimilar materials are discussed.

I. NOMENCLATURE

A Upper track as defined in Fig. 1.

(a) Antisymmetric mode.

B Lower track (Fig. 1).

C Capacitance between adjacent strips for individual

track aperture.

C1-C9 Multistrip couplers as listed in Table I.

d Repeat distance of periodic multistrip coupler.

F Geometric filling factor.

Fr Fraction of energy transferred between tracks.

f Surface-acoustic-wave frequency.

fn Normalized frequency (=f/fo)

fo Frequency of fundamental structure stopband
(=v/2d).

i Equivalent circuit current.

K? Electromechanical coupling constant.

Ly Coupler length for complete energy transfer be-
tween tracks.

l Aperture width of individual track.

MSC Multistrip coupler.

N Number of strips.

Ny Number of strips for complete energy transfer be-
tween tracks.

P Power in individual track.

Rp Resistance of strip along an individual track aper-
ture.

7 Transformer turns ratio in equivalent circuit.

SAW Surface acoustic wave.

(s) Symmetric mode.

7 Surface-acoustic-wave velocity.

g Antisymmetric mode velocity.
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Vs Symmetric mode velocity.

Z Impedance of individual track.

o Active fraction of periodic repeat distance of MSC.

R Energy attenuation coefficient for antisymmetric
wave.

¥ Parameter for proportion of crossed to in-line field
model.

Al Separation distance between coupled tracks.

Ay Difference between free and metallized propaga-
tion velocities.

7 Metallization ratio; strip width equals 5d.

] Phase elapse angle for transmission line.

A SAW wavelength.

i Mismatch coefficient for impedances.

pA Mass per unit track length.

¢ Phase elapse angle perturbed from 6 by coupling
action.

II. INTRODUCTION
A. The Basic Component

HE multistrip coupler (MSC) [1] is a directional

| coupler for use with surface acoustic waves. It consists

of an array of parallel metallic strips on a piezoelectric

substrate. Its specific property is the coupling of nonguided

acoustic waves on a single substrate in contrast to the opera-

tion of both the waveguide coupler [2] and the adjacent
medium coupler [3].

The periodic MSC is shown schematically in Fig. 1. If a
surface acoustic waveis launched from one of the transducers
into one half of the structure [track 4, for example, Fig. 1(a)],
potential differences are set up between adjacent metal strips
because the substrate is piezoelectric. These potentials also
appear in track B where a second surface acoustic wave is
generated.

In common with other simple coupled mode systems, the
behavior of the coupler is best described in terms of the
modes of the system, a mode being a field pattern which is not
distorted during propagation. In the elementary case of
parallel equal aperture tracks on a uniform piezoelectric
medium, the modes can be identified(Section ITI-A2) as the
symmetric mode s and the antisymmetric mode @ as shown in
Fig. 1(b). Any input pattern that is uniform in the individual
tracks can be decomposed into these two modes. In general,
the symmetric and antisymmetric modes will propagate with
different velocities, v, and v, respectively. It is the beating of
these two modes which leads to a periodic change of energy
between tracks and hence to the coupling action.

In design, manufacture, and use the MSC is compatible
with the conventional interdigital transducer. No extra
processing stages are involved in the photolithographic
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Fig. 1. (a) Schematic of multistrip directional coupler with interdigital
transducers at input and output ports. (b) Input and output field dis-
tributions resolved into symmetric s and antisymmetric ¢ modes for
a coupler in which 100-percent transfer from track A to track B
occurs.

reproduction; the precision required is similar to that for the
interdigital transducers used to drive the system. No connec-
tions, internal or external, are required by the coupler. Thus
no penalty is paid by the introduction of the coupler other
than the occupation of space on the substrate and the addi-
tional delay time necessary for the wave to traverse the
structure. On material of high electromechanical coupling
constant, such as lithium niobate, the penalty is not severe.

A family of surface-wave components has been derived
from the MSC in addition to its use as a conventional direc-
tional coupler. The family includes broad-band highly reflect-
ing mfrrors, broad-band unidirectional transducers, broad-
band triple transit suppressors, beamwidth changers (SAW
impedance transformers), and redirectors of acoustic beams.
These components are listed and described in [17]. The ob-
jective of this paper is to present a theory of the periodic
MSC based on an equivalent circuit mode! and hence to es-
tablished design criteria which are relevant both to the
coupler and to components derived from it. :

B. Approach to the Analysis

Our primary concern in this paper is to develop usable
design criteria for the MSC—criteria which employ reason-
ably simple analytical expressions. This is one of the main
reasons for adopting an electrical equivalent circuit model
from the outset. The model which we use to fit the experi-
mental data (Section IV) is no more sophisticated than that
used previously to account for the behavior of interdigital
surface-wave transducers [5]. Furthermore, the parameters
required to fit a wide range of gap to strip width ratios for
the MSC on lithium niobate show a striking resemblance to
those employed for interdigital transducers [4] on a poled
PZT ceramic [5].

The main frequency range of interest for prediction of
MSC performance lies in a broad band below the frequency
of the first stopband. This stopband is a specific feature of
periodic couplers and occurs at the main structure resonance
frequency fo=v/2d, where v is the surface-wave velocity and
d is the MSC periodic repeat distance. In this frequency
range, simple analytical expressions are found which predict
performance very satisfactorily; these are used extensively in
[17] when analyzing device performance. Another virtue of
the equivalent circuit approach is that factors such as re-
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sistivity of metal strips and added capacitance can be readily
incorporated (Section V).

C. Essence of MSC Behavior

It is useful as a preliminary stage to demonstrate the
behavior of the coupler simply in terms of the electromechan-
ical coupling constant K2 The model of the MSC employed
in this instance is that of the perfectly anisotropic film of
Marshall and Paige [1]. The film spans a pair of surface
acoustic tracks. Its conductivity parallel to the surface-wave
vector is zero; its conductivity perpendicular to the wave
vector is infinite. The velocity of the symmetric mode v, is the
stiffened velocity, since no current can flow parallel to the
propagation direction; but since current can flow perpendicu-
lar to this direction, charges in the two tracks associated with
the antisymmetric mode will cancel each other out and the
velocity of this mode v, is the unstiffened velocity. The length
for 100-percent transfer of energy, referred to as the transfer
length Ly, is obtained in terms of the acoustic wave frequency
f as half the beat wavelength for the modes. Thus,

1 VeTla A

L:—-—w——-_.—_.——%
2 v —1, K?

(1)

where \ is the surface acoustic wavelength and A2 is given by
[6] as

)

The number of metal strips involved is obtained as
A
K%

Ny = 3)

assuming total activity. This demonstrates the close relation-
ship between the size of the coupler and the value of K2.

In practice, however, the periodic MSC differs from the
perfectly anisotropic film in two main ways: 1) stopbands are
introduced by the periodicity; 2) coupling efficiency is re-
duced by geometric factors which depend on the metalliza-
tion.

To gain an insight into the significance of the second
factor, consider a sinusoidal signal sampled in one track and
regenerated in the second track by a periodic structure (the
MSC). The sampling frequency is significant if only a few
samples are taken per wavelength. The sampling element
width is significant if it is comparable to a wavelength be-
cause only the instantaneous average of signal amplitude
across the sampling window can be transmitted to the second
track. If the phase shift in the sampling window is 6, the
coupled intensity is reduced by the factor

(sin (8/2) )2
6/2 '
9 is given by 2mad/N where ad is the active length in each

repeat distance. Incorporation of the reduced effectiveness
due to sampling and of the effective repeat distance gives

N = Kj\ad (Sine(/az/ 2 >—2'

This expression is very similar to that which results from

(4)

®)
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simplifying the detailed equivalent circuit approach devel-
oped in Section III. It illustrates how coupler action works
but does not demonstrate a stopband.

An alternative approach is to consider a pair of strips to
be equivalent to a single finger pair transducer located in
each track, one feeding the other directly through their elec-
trical ports. This is the approach taken up in Section III. It
illustrates the broad bandwidth inherent in the MSC struc-
ture in that no strips are interconnected. Very good agree-
ment between prediction and experiment is obtained, using
empirical parameters.

The ultimate approach involves a self-consistent computa-
tion of the piezoelectric properties of the particular material
to yield exact electric field configurations and hence all
coupling parameters [4], [7], [8]. This is outside the scope
of a paper on design criteria in view of the success of the
equivalent circuit approach.

II1. EquivaLENT CircuiT THEORY OF THE MSC

4. The Equivalent Circuit Model

1) Transducer Assembly: The MSC, spanning a pair of
acoustic tracks, may be viewed as a structure whose repeat
distance can be represented by a transducer in one track con-
nected to a transducer in the other track through their elec-
trical ports; this concept was presented in the introduction.
Thus the coupler as a whole can be represented as an assembly
of interconnected transducers. Smith et al. [9] in their anal-
ysis of interdigital surface-wave transducers used equivalent
circuit models based on those employed for bulk wave trans-
ducers. In view of the success of their analysis we shall adopt
the same bulk wave transducer circuit models. These are the
so-called in-line and crossed-field models. The in-line model
is employed when the electrical field vector and the wave
vector are collinear; it pertains primarily to gaps between
electrodes. The crossed-field model is employed when electric
field and wave vector are perpendicular; it pertains primarily
to regions under electrodes. Two elaborations of the equiv-
alent circuit of Smith et al. [9] are employed. Following
Kraiojananan and Redwood [10] we introduce a passive
transmission line element into each section, and following
Milsom and Redwood [5] we employ mixed models which can
be intermediate between in-line and crossed field.

Fig. 2 illustrates the equivalent circuit model applied to
each MSC repeat distance, termed a section. Identical acous-
tic tracks have been assumed for simplicity. Each track is
regarded as a transmission line and is represented by T net-
works. Each section comprises a passive element (subscript 1)
and an active element (subscript 2) of impedance Z,, propaga-
tion velocity v; and unperturbed phase shift 6,. The active
fraction « of the section is introduced by writing

_ 2af(1 — a)d 6 — 2xfad

U1 V2

(©)

1

The ratio of wave velocities in the elements is defined by a
parameter u, where

v3/v1 = (1 — uK?). O,

Thus u takes the significance of a loading term related to the
piezoelectric stiffening. We consider

Z; = pA?)i (8)

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, APRIL 1973

Fig. 2. Transmission line equivalent circuit for one repeat distance of
MSC showing a pair of coupled lines with passive and active ele-
ments.

where pA is the substrate mass per unit track length. Then
the element impedance values for Fig. 2 are given [9] by

Zﬂ = ]Zq, tan (0,/2) (9&)

Ziy = —jZ; cosec 8y (9b)
The value of 4 associated with the negative capacitor of the
active element in Fig. 2 determines whether an in-line model
(y=0) or a crossed-field model (y=1) has been adopted; it
permits the additional flexibility that a mixed model (0<y
<1) can be investigated [5]. The electrical ports, represented
by the secondary circuits of idealized transformers of turns
ratio 7:1, are connected from one line to the other to give
coupling action. The transformer turns ratio is obtained, as
for surface-wave transducers, from the bulk wave result of

Berlincourt ef al. [11] as

Vo
12 = FK?2— Z,C.

ad

(10)

Here Fis a filling, or geometric, factor which depends on the
degree of mentallization. The preceding result is obtained for
both in-line and crossed-field models and is taken to apply to
mixed models also.

2) Normal Modes: We consider normal modes of the
coupler at this stage because with their aid an important
simplification can be made in the equivalent circuit: the two
coupled transmission lines can be analyzed in terms of wave
propagation on a single line.

The modes of the coupler, symmetric and antisymmetric,
have been discussed in the Introduction and illustrated in
Fig. 1(b). The modes are now defined by reference to coupled
potential (electrical potential on each strip) and coupled flux
(charge flowing from one line to the other). The symmetric
mode is defined as the condition of zero coupled flux. It is es-
sentially a wave launched with the same amplitude and phase
in each track. Because the velocity is the same in each track,
phase and amplitude correspondence is maintained during
propagation irrespective of whether or not the metal strips
are connected at the line separating the two tracks. The po-
tentials on corresponding strips in each track are identical
whether joined or not; consequently, no charge flows between
them giving the condition of zero coupled flux. The anti-
symmetric mode is defined as the condition of zero coupled
potential. The mode is composed of waves propagating in the
two tracks in antiphase; equal and opposite surface charges
would be generated in each strip if they were not joined. By
connecting them charge flows and exact compensation takes
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Fig. 3. Single-line equivalent circuits. {a) For symmetric mode. (b) For
antisymmetric mode. vy =0 gives the in-line model, y=1 the crossed-
field model, and 0 <+ <1 the mixed model.

place. Consequently, no potential appears at any element and
the condition of zero coupled potential applies.

Exactly the same argument can be applied to the system
of Fig. 2, with the substitution of “transmission line” for
“acoustic track.” This establishes a correspondence between
coupler and equivalent circuit.

3) Reduction of Equivalent Circuit to o Single Transmission
Line: Since for the symmetric mode the waves on the two
lines propagate without interaction, propagation is unaffected
if the equivalent circuit is open circuit at X and Y; the system
can be represented by a single line with an open circuit across
the capacitance C of Fig. 2 (at X Y) in every section. For the
antisymmetric mode, the waves propagate so that each ele-
ment is at zero potential. This is equivalent to a single line
with a short circuit across the capacitance C (at X ¥) in every
section. The resulting single-line equivalent circuits are shown
in Fig. 3 for either.mode. In effect, Z;; has become

Zaa(s) = —j (Zz cosec (6;) + %) (11a)
Zys(a) = —j <Z2 cosec (fs) — g_ —C"y)r2> (11b)

representing symmetric mode (s) and antisymmetric mode (a).
4) Deduction of Coupler Behavior: The phase shifts across
each section for the symmetric and antisymmetric modes are

given by
Zp*(s) — Z12® — ZX(s)
= cos™! 12
#s) = cos < 2Z12Z5(s) ) (122)
Zr*(a) — Z1s® — Zzzz(d)>
= cos™! 12b
¢(a) €08 ( 2Z12Z22<d) ( )
where
Zo(s) = Zy + Zn + Zia + Zn(s) (12¢)
Zp(a) = Zu + Zn + Ziz + Zzs(a). (129)

Since 100-percent transfer of power occurs when the phase
shift between the modes is #, these relations yield Nyg, the
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number of strips for 100-percent transfer, directly as

"7 6a) — ¢(s)

The preceding derivation is referred to as the full theory.
Substantial simplification is possible if the following condi-
tions are met:

a) K2«1;
b) u=0;
¢) 0 is not in the region of n7.

(13)

Condition a) holds for all known piezoelectric substrates;
condition b) will be shown to be acceptable; condition c)
means that the simplified expression is not valid in the region
of the stopbands. Under these conditions the elapse angles for
the passive elements of the line can be equated

b1(s) = ¢1(a).

For the active elements

(14a)

b2(s) = cos™! {cos (8s) + sin (8s)
.<2F f“ sin® (@/2))} (14b)
¢2(a) = cos™! {cos (8,) + sin (8s)

<2£§2LZ2;32 sin? (92/2)>} . (140

Then the difference of the arccosines may be simplified to give

T 6/2

Nep=— ————
FK? sin? (9/2)

(15)

where

o : 2rfad . (16)
v

/
This expression is similar to the estimate (5) for an aniso-
tropic film of sampled and averaged conductivity as consid-
ered in Section II-C.

Throughout this paper a frequency scale normalized to the
first structure stopband is used on the assumption that
MSC behavior scales with repeat distance. Thus, f,=f/fe
=0/ma.

The Ny expression for a perfectly anisotropic film may be
obtained from (3) as

-1
ve=—(2)"
K% \fo

On a plot of Ny against frequency, this gives a rectangular
hyperbola. The simplified expression (15) differs in that
sampling and averaging effects have become incorporated.
The result is a U-shaped curve as demonstrated by the dotted
curve of Fig. 4. The full expression (13) further incorporates

stopband effects due to structure periodicity. '
5) Nrasa Function of Frequency: Ny, the number of strips

for 100-percent transfer between tracks, is plotted against
normalized frequency in the region below the second structure

(17
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TABLE I
Coupler Number
C1 Cc2 C3 Cc4 Cs Cé6 Cc7 C8 c9
Repeat distance d pm 16 20 20 20 20 32 32 32 32
Stopband frequency fo MHz 108 86 86 86 86 54 54 54 54
Track aperture ! mm 4 3 3 3 3 4 4 4 4
Number of strips N 700 140 140 140 140 700 700 700 700
Metallization ratio 7 0.45 0.45 0.62 0.17 0.5 0.37 0.34 0.67 0.12
Measurement technique OE E E E E O OE [0} (o)
Activity factor @ 0.85 0.85 0.85 0.85 0.85 0.75 0.77 0.85 0.80
Effective coupling constant FK? 0.042 0.043 0.0425 0.0345 0.043 0.041  0.0395 0.038 0.0275
Mismatch factor I 0 0 0 0 0 0 (] 0 0
Model factor v 0.45 0.45 0.62 0.17 .05 0.37 0.34 0.67 0.12
Note: Measurement techniques: optical, O; electrical, E.
b‘l‘ y'
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Fig. 4. Number of strips for transfer Nt plotted against frequency
normalized to the first stopband frequency, for coupler C2.

stopband in Fig. 4. Curve parameters refer to coupler C2 of
Table I as do experimental results shown for comparison.
Four specific features may be noted from the curves obtained.

a) There is a clearly defined frequency fo at which a
stopband occurs.

b) Disregarding the stopband effect (dotted curve), a
frequency is obtained at which the number of strips Ny has a
minimum.

¢) A minimum value of Ny is obtained.

d) The stopband has a characteristic shape.

These features are controlled by separate parameters with
relatively little interaction.

a) The stopband frequency comes from the structure
repeat distance, fo=v/2d.

b) The frequency of the minimum for Ny is controlled
by the length of the active element of the line ad.

c) The value of the minimum for Ny is determined by
FK2.

d) The shape of the stopband is controlled by the choice
of parameters u and 7.

Comparison between prediction and experiment is de-
ferred to Section IV.

B. Predictions for Transmission and Reflection

1) Transmission: The transmission response for an MSC
with a fixed number of strips N is deduced from the value of
Ny. For input power Py, in track 4, output powers are the

following:
for track 4,
Py = P, cos? (#N/2Nr) (18a)
for track B,
Py = Piysin? (#N/2N¢). (18b)

[£/1,)

Fig.5. CW reflection intensity response of MSC C2. Theory curve refers
to coupler of 40 strips. Experimental points show reflection intensity
maxima for coupler of 140 strips.

Using the simplified expression (15) for N7, these may be
written

Py = Py, cos? (NFK? sin? (maf,/2)/mofs)
P = Py, sin? (NFK? sin? (raf./2)/mafs).

(19a)
(19b)

The preceding expressions refer to power transfer for
lossless propagation and identical tracks. Experimental and
predicted curves are compared in Section IV.

2) Reflection: In the region of the stopband, reflection may
be particularly strong because the reflections from individual
strips can add constructively. Away from the stopband,
though the reflection is weak, its estimation is significant in
the design of structures where low triple transit signals are
desired.

The reflection is calculated using the two-element model.
Steady-state responses for symmetric and antisymmetric
modes are calculated independently from the equivalent cir-
cuits. A method employing repeated multiplication of section
transfer matrices can be used [12]; however, it has been
found more convenient to work in terms of an effective char-
acteristic impedance. The computed reflection intensity for
the symmetric mode is shown in Fig. 5 for a coupler of 40
strips with the parameters of coupler C5 (Table I). The fre-
quency response with its 40 zero reflectances below the stop-
band is typical of the steady-state reflection response of a
slightly mismatched lumped line 20 resonant wavelengths
long. The computed reflection intensity for the antisymmetric
mode is virtually indistinguishable from Fig. 5. The signifi-
cance of this and of the experimental points shown for a
coupler of 140 strips will be discussed in Section IV. The en-
velope of the reflection response is not affected by the number
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Transmission and reflection response for a multistrip
coupler showing virtually 100-percent transfer.

Fig. 6.

of strips; for 140 strips, 140 reflection peaks would appear
below the stopband.

In pulsed operation, transient reflection responses can be
observed associated with reflections from the leading strips;
their amplitude is up to 3 dB higher than the CW amplitude.
An analysis can be achieved satisfactorily without using the
equivalent circuit model; it will not be discussed here.

IV. PrEDICTION COMPARED WITH EXPERIMENT
A. Experimental Methods

Several experimental methods have been used to investi-
gate the transfer of energy in the coupler. The use of a phase-
grating laser probing apparatus has already been described
[13]. The apparatus uses first or second diffraction orders
of light reflected from the grating formed by a single fre-
quency surface wave [14]. The system is particularly suitable
for the examination of multistrip coupler behavior since
the surface wave can be probed within the metallized area.
Couplers of 700 strips giving many transfers have been
examined by this technique.. Electrical determinations of
the number of strips for transfer have been made. The ar-
rangement of Fig. 1(a) was taken with power input to track 4
only. Frequencies were noted which gave zero power at just
one of the output transducers 42, B2; this represents the
situation of an integral number of transfers. Ambiguity over
the number of transfers was removed by referring to optical
probing results. Again couplers having 700 strips were exam-
ined. In an alternative method couplers of 140 strips were em-
ployed to show a single transfer; strips were deactivated by
vaporizing the metal at the midpoint of the strips with a laser
burner. This yielded a series of single transfer points on the
Nr—f, curve. Full transmission and reflection curves were
also obtained at outputs 42, B2, and B1 as a function of fre-
quency for selected couplers.

All measurements reported refer to MSC structures of
parallel aluminium strips perpendicular to the Z axis on Y-cut
Z-propagating LiNDbQ;. Parameters for individual couplers
are given in Table I. The track aperture quoted refers to the
width of individual launching-receiving transducers in each
track. The metallization ratio 7 is defined as the ratio of strip
width to repeat distance; a range of metallization ratios was
examined with the aims of the following. '

1) Obtaining the minimum possible value of Nr.

2) Obtaining the flattest possible curve for Ny against fre-
quency to maximize the bandwidth of the coupler.

3) Obtaining information on the proper circuit model for
the full theory.

B. Coupler Performance

The operation of the coupler is demonstrated in Fig. 6.
Signal input is at transducer 41; the three coupler outputs
together with a calibration delay line output are shown in the
four photographs. The coupler (device C2 of Table I) was of
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Fig. 7. Nr—f, curve for coupler C7 showing experimeuntal points

. around and above stopband. A trace of bulk wave interaction at
fn=1.36 is visible.
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Fig. 8. Nr—7, curves for metallization ratios 0.62

(coupler C3) and 0.17 (coupler C4).

140 strips; its stopband frequency was 86 MHz; operation is
shown at 43 MHz. The coupler transfer loss was found to be
0.5 dB; the uncoupled surface-wave signal was more than 30
dB down on the coupled signal as was the reflected signal.

C. Experimental Variation of Nr with Frequency Compared
with Theory

An example of the result of fitting theory to experimental
results is shown in Fig. 4 for coupler C2; structure and fitting
parameters are listed in Table I. The full curve refers to the
full theory; the dotted curve shows the simplified theory
where it is distinct from the full curve. Though the full curve
is plotted in the stopband region, the electrical method used
for obtaining the results does not yield good data there. A
better comparison for this region is shown in Fig. 7 for optical
results on coupler C7.

Above the stopband the fit between theory and experiment
is generally more doubtful and the modes are found to be
appreciably attenuated in the coupler especially at f=1.36 fo.
This is attributed to coupling to bulk waves, and some evi-
dence for this has been previously published [13]. We do not
consider these interesting effects further here because they
are outside the scope of the theory and because from a de-
vice point of view their very existence renders this frequency
range of little interest.

The results of Fig. 4 are for a coupler of metallization ratio
7=0.45. Results and fitted curves for two couplers of more
extreme geometry are shown in Fig. 8. The metallization ratio
for thick strips (coupler €3) was 0.62 and for thin strips



212

L0
db
20"
R
(a)
40 i
i - theory
30} i
@ | i
20 AN
0]
0 05 10 15
normalised frequency (f/f,)
(b)

Fig. 9. Experimental and theory curves for energy transmission on two
tracks of coupler C2. (a) For 100 strips. (b) For 125 strips.

(coupler C4) 0.17. Fitting parameters for the curves are given
in Table I. Table I also shows results and fitting parameters
for further couplers. A curious experimental feature of varying
the metallization ratio between its extremes was found to be a
reversal of the asymptotic shape of the stopband. The sig-

" nificance of this and other parameter variations is discussed in
Section IV-E.

D. Transmission and Reflection Compared with Theory

The transmission response of the basic MSC is shown in
Fig. 9; Fig. 9(a) refers to 100 coupler strips and Fig. 9(b) to
125 strips. In both cases the transmitted outputs (in decibels
down on the input signal) are plotted against the frequency
normalized to the stopband frequency. Full curves refer to
experimental results for coupler €2 and dashed curves to the
full theory. The theory shows a signal null in track 4 and a
stopband; agreement for 100 strips is excellent. The simplified
theory gives identical curves outside the stopband region and
is adequate for most transmission prediction purposes. Signal
loss at maximum transfer for coupler €2 at 100 strips was al-
most 1 dB; however, the normal transfer loss for full length
couplers is 0.5 dB.

The reflection response of the MSC is shown in Fig. 5 for
the symmetric mode for coupler C5 (140 strips). A long pulse
is employed to give effectively CW behavior. Experiment
gave a closely spaced comb of peaks and troughs as predicted.
Only the reflection intensity maxima are plotted, correspond-
ing to the envelope of the theory curve. Agreement in shape
and level is quite satisfactory on both sides of the stopband.
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Fig. 10. Variation with surface metallization ratio of effective coupling
constant FK? and of field model v. Equation of fitting parabola is
(p—0.5)2=10(0.043—- FK?).

Over the MSC working range (0.6 f,—0.85 fy), the signal re-
flected is shown to be more than 30 dB down on the incident
signal. Deviation from the theory curve level could possibly
be due to mass loading, bulk waves, or coupler imperfections.
Methods for further reduction of unwanted reflected signals
are discussed in Section VI. Experimental reflection results for
the antisymmetric mode for coupler C3 gave a similar re-
sponse shape 3 dB stronger in intensity. Other couplers with
n~0.5, however, have shown similar intensity levels for the
two modes.

E. Discussion of Comparison of Prediction and Experiment

Since in the next section we shall elaborate the equivalent
circuit to deal with a wider range of experimental situations,
here we will discuss the parameters which have been used to
achieve the very satisfactory fit shown between prediction and
experiment. Good fits have been obtained with both simplified
and full expressions using the fitting parameters F, «, v, u for
Nr and transmission curves. F and « are common to the two
expressions, and common values are employed. They are the
crucial parameters from a device viewpoint because they en-
tirely characterize the simplified expression and because they
dictate the behavior in the frequency range in which coupler
components are constructed (as discussed in [17]). Therefore
we consider values of F and « first.

A plot of FK? against the metallization ratio 5 is shown in
Fig. 10. The curve drawn is of parabolic form to demonstrate
the symmetry about 7=0.5. The result shows a remarkable
similarity to the theoretical behavior predicted by previous
workers [4], [7] where Fis referred to as a geometrical factor.
The conclusion is that =0.5 gives optimum performance not
only in lithium niobate but more generally.

In fitting we have found «, which measures the active
length of the section, to show only small inconsistent varia-
tion between coupler structures. At first sight this is surpris-
ing. In attempting to relate the equivalent circuit of the
coupler to the structure of the device one might have antici-
pated a direct relationship between activity a and metalliza-
tion 7. Our results show that no such direct relationship exists.
A similar result has been found by Milsom and Redwood [5]
in comparing an exact theory of the transducer on PZT with
the equivalent circuit model.

In fitting the full theory we find a direct relation between
the field model ¥ and the metallization ratio 7 as shown in
Fig. 10, though in practice some latitude in ¥ exists in optimiz-
ing the stopband shape. Thus results show that for a structure
with ultranarrow strips and wide gaps, an in-line field model
is appropriate for the active element while for ultrawide strips
and narrow gaps a crossed-field model is appropriate. This
easily explains the reversal of asymptotic shape at the stop-
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band observed experimentally. Milsom and Redwood have
predicted a similar relationship between model and metal-
lization for PZT [5].

There has always been some problem in deciding on the
type of equivalent circuit model to adopt for a surface wave,
in-line or crossed field. This work strongly suggests that the
metallization, in determining the field distribution, also de-
termines the model; the crossed-field model is associated
with a high metallization ratio and the in-line model with a
low metallization ratio. The idea of an active strip or an active
gap now becomes untenable; rather there is a shift of impor-
tance from one to the other as metallization increases. Now
referring back to the earlier discussion of &, we should no
longer anticipate a monotonic relationship between active
length and metallization ratio.

The full theory has throughout been fitted with u=0. This
means that no distinction is made between the velocity in
active and passive regions other than through electrical
activity. This of course is consistent with the rejection of a
fixed identification between strip and gap and active or pas-
sive elements. Use of u =0is also attractive in terms of the der-
ivation of the simplified theory. However, it should be
stressed that the parameters u and v as given in Table I do not
constitute a unique set of fitting parameters. The feature of
the set presented is that they were obtained with a conscious
attempt to make a physical interpretation possible.

V. EXTENSION OF EQUIVALENT CIRCUIT APPROACH

The previous sections have dealt with an MSC which
spanned two identical tracks. In this section this restriction
is relaxed; results are presented for unequal track widths and
the extension of the model to tracks on dissimilar materials
is also considered. The equivalent circuit approach is also
used to derive an expression for attenuation due to strip re-
sistance and to consider effects of addition capacitive loading
such as occurs if the strips span inactive regions between two
tracks.

A. Nonidentidal Tracks

1) Unequal Track Widths: The standard MSC has parallel
strips on a single substrate; for unequal track widths, since
the phase velocities in each track are unchanged, symmetric
and antisymmetric modes exist as previously defined. Their
velocities are unaffected but the fraction of energy transfer-
able is reduced below 100 percent. Thus the number of strips
required for maximum transfer is not affected but the maxi-
mum fraction of energy transferred Fr is changed. Analytic-
ally Fris calculated as follows.

From the definition of the symmetric mode, the voltages
in each track are equal for every strip. Referring to the equiva-
lent circuit transformer of Fig. 2, the symmetric mode condi-
tion is

7’AiA(S) _ 1’31.3(8) .

20a,
. o (20a)

From the definition of the antisymmetric mode, the fluxes
coupled between tracks must be equal and opposite. Then the
antisymmetric mode condition is

raia(a) = rpip(a). (20b)

Subscripts 4 and B refer to the two different tracks, and (s)
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and (a) refer to the modes. In considering energy transfer, all
energy input occurs at track 4; the input energy is propor-
tional to current squared, i.e., to (24(s) +44(2))? At maximum
transfer the energy output at track 4 is a minimum and is
proportional to (24(s) —74(a))% Hence the maximum fraction
of energy transferred to track B is obtained as

_ 4i4(s)ia(a) .
" Gals) + ia(a))?

Using the preceding mode conditions, the currents may be
eliminated to give

(21)

B 4C4Cr _ 41415
(Ca +Cp)2  (la +1p)?

Fr (22)

where /4 and Ip represent track aperture widths. 100-percent
transfer is thus only obtained for equal track widths, the case
studied previously.

Experimentally the laser probe apparatus has been used
to examine the transfer distance as a function of relative track
width. As predicted, the transfer distance was found to be un-
affected by a change in the relative track widths. Accurate
verification of the fraction of power transferred was not pos-
sible.

2) Dissimilar Propagation Directions and Dissimilar Ma-
terials: Dissimilar propagation directions on the same sub-
strate is a realistic problem to consider because, as discussed
in [17], various device applications emerge if the strips in one
track are inclined to those in another track. The problems
raised are similar to those which exist if the coupler spans two
different materials; permittivity, SAW velocity, acoustic im-
pedance, and K? are no longer identical. There is no difficulty
in incorporating these into the equivalent circuit shown in
Fig. 2, associating one set of parameters with line 4 and the
other with line B. However, if the values of K2 and hence of
Av/v differ, it is no longer a simple coupled mode system. [t is
not possible simultaneously to set up the two modes defined
previously (Section III-B). Therefore it is not possible to
transform the pair of lines to a single line. Alternative ap-
proaches to the problem based on the equivalent circuit
model take us beyond the scope of this paper.

B. The MSC with Additional Capacitance

One of the attractions of the equivalent circuit approach
to the analysis of the multistrip coupler is the ease with which
the effects of electrical loading of the strips can be examined.
Capacitative loading is involved in several applications of the
coupler. When the coupled acoustic tracks are not directly
adjacent, the strips have to be of extra length. Two device
examples are the multistrip reflector and the track separator
coupler (see [17]). Both rely on velocity mismatching where
strips lie on material outside the track apertures to avoid sur-
face-wave generation there. The result of extra length is extra
capacitance between strips. Considering equal track apertures
I and a track separation Al, the capacitance increases from C
to (14+2Al/1)C. The consequence is a change in the trans-
former turns ratio # of Section I11 which may be incorporated
into the calculation as a degradation in the coupling constant
K2 Then

K = (1 4 3Al/D)-1K2 (23)
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Thus the number of fingers for transfer is increased by the pro-
portional rise in track capacitance. In the particular example
of the multistrip reflector, the number of strips for operation
at 50- impedance on ¥Z lithium niobate is predicted to rise
from 50 to 60. Experimental results for the 60 finger structure
are presented in [17].

C. Strip Resistance and Attenuation

Acoustic attenuation in the MSC can arise from both me-
chanical and electrical sources, e.g., mode conversion to bulk
waves and ohmic loss in the metal strips. It is clear that an
appreciable ohmic loss could occur as a result of currents
flowing along the length of the strips; this is the particular
loss mechanism investigated here. These strip currents flow
for the antisymmetric mode but not for the symmetric mode.

For identical tracks the distributed resistance of the strip
is replaced by a resistor Rp localized between the acoustic
tracks; Ry is set equal to the strip resistance for one track. A
finite value of impedance instead of zero impedance is now
transformed into the single-line acoustic circuit for the anti-
symmetric mode [Fig. 3(b)]. This impedance is

Zr = r*Rp(1 + 2ajfCRp)~ . (24)
Under the condition 2rfCRp<«1 which is easily satisfied, and
using the simplified expression (15) for Ny, an amplitude at-
tenuation coefficient az per coupler transfer length for the
antisymmetric mode is obtained as

ar = 2w fCRp. (25)

Resistance per square for the evaporated aluminium films
was found to be within 10 percent of the bulk value over a
wide range of film thickness and strip dimensions. Thus for a
4-mm-long strip of thickness 5000 A and width 12 um, the
predicted resistance is 18 @ (pa1=2.8X107%Q cm); the mea-
sured value was 20 Q. From transducer measurements a value
of order 1 pF per finger was obtained at 54 MHz. Thus for
coupler C7 the predicted value of ag is 0.02 which represents
0.18 dB per transfer. A measurement for the difference in
propagation loss between symmetric and antisymmetric
modes, which directly estimates resistive loss, for a coupler of
the dimensions of C7 (Table I) gave a value of 1 dB for seven
transfers. Thus prediction and experiment are in good agree-
ment; it is shown that resistive loss in the multistrip structure
is quite insignificant.

VI. GENERAL DEsiGN CRITERIA FOR
MuLTisTRIP COMPONENTS

Based on the experimental and theoretically predicted
behavior of the simpler coupler structure, some general de-
sign criteria are now presented which are of relevance both to
the coupler itself and to multistrip components derived from
it.

A. Substrate

Two important factors follow from the choice of substrate,
the space occupied by the MSC and the time necessary to
traverse it. Taking the 3-dB coupler as an example (it is the
component most extensively used in [17]), the length of an
optimized structure is approximately A/K? and the traversal
time is (fK2)~1. On YZ LiNbO; this gives a length of about 25
A and a traversal time at 100 MHz of (.25 ws. The length is
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sufficiently small compared to the aperture of a 50-Q trans-
ducer on this material of 108 X [15] to suggest that the in-
creased surface area occupied is not a significant factor, par-
ticularly in structures with delay times exceeding the transit
time. On the other hand the MSC is not admissible if the de-
lay time required is less than (fK?)~1. This can be an impor-
tant factor in rejection of multistrip components at low fre-
quencies or, alternatively, in forcing the operating frequency
up if they are to be employed. A further alternative is to raise
K?; this is discussed in [17]. Other materials have a lower K?
and are therefore less favorable. ST-cut quartz, for example,
would raise the length to ~10% A and the traversal time to
~10 us at 100 MHz. These are unacceptably high for a 3-dB
coupler but do not exclude the use of the coupler as a tap on
a delay line [17] where significantly fewer strips would be
required.

Apart from its high K2, ¥VZ LiNbOj; offers other advant-
ages as a substrate for multistrip components, e.g., zero beam
steering, strong self-collimation, and appreciable anisotropy.
The latter is an advantage in bent coupler structures where
power loss can be avoided on the bends by phase mismatch.
Finally, we point out that the broad bandwidth offered by a
high K2 material is entirely compatible with the coupler.

B. Photolithography

Multistrip components require no extra processing stages
since the structure can be designed and produced at the same
time as the SAW transducers. Optimum MSC performance is
obtained for 50-percent metallization so the resolution re-
quired photolithographically is similar to that for the inter-
digital driving transducers; coupler strips are on a slightly
smaller scale than the transducer fingers but shorts and breaks
are less critical. In operation individual broken or shorted
strips can be discounted. The composition and thickness of
the metal film do not appear to be significant factors though
through mass loading and topographical effects they can af-
fect the degree of bulk mode conversion and reflection from
the structure. As illustrated in the previous section, resistive |
losses in the strips are not significant.

C. Fixing the Frequency of the Stopband and the Number of
Strips

Coupler design for a specific application involves choice of
the optimum strip repeat distance. The choice is significant
when bandwidth is important. Though theory suggests that
there are ranges of effective coupling at frequencies above the
structure stopband frequency fo where fo=v/2d (d being the
strip repeat distance), experiment has shown that attenuation
and spurious signals present severe problems in these ranges
The fractional stopband width is found to be of order 1/K?;
thus fo (1—1/K%) can be regarded as the upper frequency
limit. The lower limit to the bandwidth range is imposed by
the decrease in coupling effectiveness with decreasing fre-
quency. The lower frequency limit for performance is easily
defined from the use of the simplified expression for Nr.

Random fingers may be introduced with the aim of elim-
inating the stopband. Experimentally the problem is to get a
wide enough range of strip variation without either signifi-
cantly increasing photolithographic resolution requirements
or vastly extending the coupler length. Small random varia-
tions merely widen the stopband rather than remove it. In
practice it is reckoned to be better to have a periodic structure
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with a narrow stopband and to restrict operation to lower fre-
quencies than to try to spread the stopband.

D. Spurious Signal Reduction

CW and transient reflected signals on LiNbO; are in gen-
eral 30 dB down on the input signal. If this level proves sig-
nificant, a further 10-dB reduction can be obtained by finger
length weighting the leading coupler strips to provide a tap-
ered edge; Chebyshev weighing on five fingers has been em-
ployed. Practical SAW systems tend to be limited by other
spurious signal considerations. Thus it is an attractive feature
of the MSC on LiNbOj that such techniques are not necessary.
Employment of the MSC to reduce spurious signal responses
in SAW systems is dealt with in [17].

VII. CoNcLUSIONS

In this paper our objective has been to develop a method
of analyzing the behavior of the coupler which leads to useful
design criteria. We have shown that in the frequency range
where the coupler and its derivatives are used a simple two-
parameter expression suffices to predict the behavior. This
statement assumes FK? is known for the particular material
under investigation at 50-percent metallization, a situation
which commonly exists from transducer measurements and
from theoretical prediction.

The equivalent circuit we have used is very similar to that
employed by Milsom and Redwood [5] for transducer struc-
ture. A feature of our equivalent circuit-fitting parameters on
LiNDbO; which we regard as significant is that they bear a
striking similarity to those of Milsom and Redwood on poled
PZT. Furthermore, from the predicted behavior of transducer
structures on quartz [7], it is apparent that the same trends in
parameter would be required. Therefore, we are led to suggest
that though differences in detail may exist between the equiv-
alent circuit parameters for couplers on different materials,
the parameters found for LiNbO; have general validity.

Using the equivalent circuit model, inclusion of some im-
portant refinements is possible. We have demonstrated the
inclusion of finger resistance and additional capacitance and
have touched on coupling between dissimilar materials. Fur-
thermore, as discussed in Section IV, the variation of param-
eters with metallization ratio leads to an interesting identifi-
cation of model (in-line or crossed field) not with material or
its orientation but with the degree of metallization. The
cross correlation here between the properties of the multi-
strip coupler and the interdigital transducer is particularly
interesting.

Various aspects of MSC operation have not been fully in-
corporated into the equivalent circuit. These include mass
loading and topographical effects arising from the presence of
the metal strips; these would become important at high ratios
of film thickness to acoustic wavelength and for low K2; they
can have a major influence on the behavior in the vicinity of
‘the stopband and on the level of reflection from the coupler.
The equivalent circuit ignores surface-wave energy conversion
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to bulk modes which we have observed to be important above
the stopband. To deal adequately with ali these effects a more
sophosticated approach is required such as that of Joshi and
White [16] employing the full piezoelectric fluxes and poten-
tials. Such an approach should remove the requirement for
the empirical parameters which we introduce into the equiva-
lent circuit.
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