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SUMMARY

This thesis is primarily concerned with a theoretical and an ex-
perimental study of soﬁelimportant aspects of the behaviour of a sur-
face acoustic wave incident upon a region of periodic mass-loading
deposited ‘upon the'propagation surface. In particular attention is
focussed upon that range of frequencies for which tﬁe wave vectors of
the input signal and of the surface perturbation satisfy, or nearly
satisfy, the first order Bragg relation; under these conditions a
strong interaction occurs and a surface acoustic wave of large ampli-
tude is coherently scattered from the mass-loaded region. But in
exploring this topic, contributions to several other facets of surface
acoustic wave technology are made.

Initial investigations of Rayleigh wave attenuation, due to
scattering into volume modes, at a periodically roughened surface
provide, for the first time, theoretical verification of previously
published experimental measurements. The same study suggests a novel
design for a surface acoustic wave directional coupler - the so-called
'crossbar" coupler in which periodic mass-loading of the propagation
surface supplies coupling between an input and an output wave. The
fabrication and testing of a "crossbar" directional coupler forms a
convenient focal point around which the wider aim of the research pro-
gram, namely an examination of the periodic surface mass-loading inter-
action, can be pursued.

An analysis of surface acoustic wave motion on anisotropic and
piezoelectric single crystal materials allows the development of two

computer programs which prove of great value in assessing the utility



of a, substrate for a specific microsonic device application. These
programs are used to characterise gurface waves travelling on an AT cut
quartz crystal. Until now this cut generally has been overlooked in
surface wave studies. It is noted that a substrate of this orienta-
tion offers some attractive features, with regard to surface acoustic
wave component design, not found in other more commonly employed cuts
of quartz. The desirable properties of the AT cut quartz surface

are exploited in the final design and fabrication of a microsonic
"crossbar'" directional coupler.

A detailed theoretical study of the performance of this surface
acoustic wave directional coupler is undertaken. Analytical methods
“porrowed" from electromagnetic microwave theory are combined with a
perturbation treatment of the surface mass-loading interaction to derive
expressions for the amplitudes of the coupled waves. Experimental
response curves plotted from extensive measurements made with several
models of the '"crossbar" coupler show close agreement, in relation to
both the strength and the frequency dependence of the coupled signal,
with the predicted behaviour.

In a concluding chapter consideration is given to the many potential
surface acoustic wave device applications of the periodic surface mass-
loading coupling mechanism. Included in the discussion, which compares
the projected device performance with that of existing designs, are
surface wave directional couplers, delay line taps, filters and reflec-

tors.
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: CHAPTER I

INTRODUCTION

1.1 Surface Acoustic Waves.

1.2

The properties of surface acoustic waves were determined first
by Rayleigh (1) whé, in 1885, described mathematically the properties
of an elastic wave propagating on the plane surface of a semi-infinite
isotropic elastic half-space. Rayleigh foresaw that the wave motion
he had succeeded in describing would be significant in the interpreta-
tion of earthquake disturbances because the natural attenuation of a
wave which diverges from a source along the two dimensional space
provided by a propagation surface is less than that of a wave which
spreads out into a three dimensional volume.

Historical Background.

This prediction proved true and for the next half-century most
studies of surface acoustic waves were undertaken as an aid to seismo-
logical research. Investigations of the progress of these waves
through the earth's mantle led to analyses of propagation on curved
surfaces (2), (3) and in laminated media (2), (4). In both instances
the surface wave phase velocity was shown to become frequency disper-
sive, in contrast to the simpler non-dispersive situation considered
by Rayleigh.

During the mid-1950's surface acoustic waves found their first
commercial application in the field of non-destructive materials test-
ing (5), (6). Volume (longitudinal and shear) acoustic waves had
been utilized for some time in the ultrasonic inspection of manufactured
articles. The development of the wedge transducer (5), (7) provided

a convenient means for launching and detecting surface waves, generally
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at f;equencies less than a few megahertz, so that these waves, too,
could be eﬁployed to examine material surfaces for manufacturing

flaws. By the early 1960's wedge and comb (7) type transducers,

both of which depend upon mode conversion from volume to surface

waves, were being Qsed to propagate surface waves in a wide variety

of materials. This experimental work stimulated analytical studies

of surface wave motion in situations of increasing complexity -
principally in anisotropic media (8) - (12). At about the same

time White (13) and Foster (14), (15) developed volume wave transducers
capable of fundamental mode operation at several hundreds of megahertz.
This extended the practical frequency range of volume acoustic wave
delay lines (16), which had been in service for nearly twenty years,
into the UHF region, where it was noted that certain glasses and

single crystal materials continued to exhibit extremely low acoustic
loss (17) - (20). The primary factor which hampered the application
of surface waves to this role, in which they offer the very real
advantage, over volume mode devices, of signal accessability, was

the high insertion loss associated with existing transduction schemes.

1.3 Application to Communications Engineering.

This barrier was removed when, in 1965, White and Voltmer (21)
introduced the interdigital conducting electrode array transducer,
which provides an efficient two dimensional structure for generating
and detecting surface acoustic waves over broad communication band-
widths at centre frequencies ranging typically from five to five
hundred megahertz. As illustrated in Figure 1.1 the transducer
operates on a single crystal or on an oriented poly-crystalline

piezoelectric material, Coupling to the surface acoustic wave is
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Launched Surface
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Piezoelectric Substrate

Figure 1.1
An interdigital electrode array transducer (IDT),

A = surface acoustic wavelength.
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achieved through the piezoelectrically induced stress arising from

the electromagnetically excited electrode pattern, the periodicity of
which is chosen to matcﬁ the surface wavelength at the desired operating
frequency. The pFactical success of these interdigital transducers
ushered in a sudden upsurge of interest in the high frequency applica-
tions of surface acoustic waves. In addition it encouraged theoreti-
cians to broaden existing analyses of anisotropic surface wave propa-
gation (12) to include the effects of piezoelectricity (22) - (25),

thus facilitating the search for substrate materials and orientations

of high acoustoelectric coupling.

As a result, the last half-decade has seen a rather remarkable
growth in surface acoustic wave technology as it applies to communica-
tions engineering. Today a basic range of surface wave devices is
being manufactured on a commercial scale and this component range is
being extended steadily. Recent widespread interest in this technology
has arisen primarily because it may lead to an efficient and compact
means for signal processing in radar or communications systems. It is
appropriate, at this juncture, to summarise the principle features of
surface acoustic waves which suggest this possibility.

In some media acoustic waves provide unusually high quality (Q)
factors, of 105 or more at 500 MHz (17) - (20), which allow complex
processing operations to be performed without frequent regeneration of
the signal. At the same time the conveniently low surface wave phase
velocity, of typically 3Km./sec., ensures that distributed parameter
systems occupy very little space. Because a wide variety of both
linear processes, such as filtering (26) - (29), storage (30) - (34)

and amplification (35) - (38), and non-linear processes,
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sl

such,as frequency translation (39) - (41), can be performed on signals
in the surface acoustic mode there exists the hope that virtually
complete UHF receivers can be built using this technology. Finally

a surface wave propagates on the stress-free boundary of a medium

and 95% of the acoﬁstic energy is contained within one wavelength of
the free surface (42). Thus not only is a signal encoded in the
surface acoustic mode always accessable, but also planar device
fabrication techniques can be employed.

Although delay lines operating at a fundamental frequency of
several gigahertz have been fabricated (43), (44) most sober assess-
ments (45) of surface wave technology place the useful frequency range
between a few tens of MHz and 500 Miz. To date most commercial
implementations of these waves have centred on delay-line (46) and
filter (26) - (28) applications, However considerable research effort
has been devoted as well to the design and testing of microsonic
devices which are the acoustic analogues of familiar electromagnetic
microwave components. Included in this category are surface acoustic
waveguides (47) - (50), directional couplers (47), (49), (51), resonators
(31) - (33), (52), phase shifters (53) and travelling wave amplifiers
(35) - (38). Many of these components are at an early stage of |
development, and further study is required before a true assessment
of device utility can be made.

Aim of Thesis.

The principal aim of this thesis is to describe a study of the
behaviour of a surface acoustic wave incident upon a region of periodic
mass-loading deposited upon the propagation surface. Both the

experimental and theoretical aspects of this investigation are
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described with a view to exploiting this interaction in the design of
a surface wave directional coupler, Although most of this thesis is
concerned with the design, development, fabrication, testing and
theoretical performance evaluation of such a coupler, the surface
acoustic wave-periodic mass-loading interaction has, as is discussed
in the concluding chapter, far wider application in microsonic com-
ponent design.

In treating all facets of practical and theoretical directional
coupler performance it will be necessary to give detailed considera-
tion to many different aspects of surface wave technology. Included
are analyses of anisotropic propagation, assessment of substrate
utility, the establishment of a theory to predict device performance,
the development of photolithographic fabrication techniques, and the
determination of suitable testing procedures to allow practical

measurements of coupler response.
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CHAPTER II

EVOLUTION OF A SURFACE WAVE DIRECTIONAL COUPLER DESIGN.

2.0 Introduction.

2.1

Details of preliminary experimental and theoretical studies
which suggested thé design of a directional coupler based upon the
coupling provided by periodic mass-loading of a propagation surface
are presented in this chapter. This serves a two-fold purpose.
Firstly it provides an opportunity to indicate the link between two of
the main avenues along which the research programme has progressed.
Secondly it forms a useful basis for discussion of certain features of
the practical coupler performance, details of which appear in Chapter
X.

Scattering of Surface Acoustic Waves.

Experience in the field of non-destructive materials testing,
using surface waves, furnished qualitative information regarding the
effect, on wave motion, of isolated defects in the propagation surface
(5), (6). Viktorov (54) added to this knowledge through experimental
studies of surface wave behaviour in the vicinity of models of single
surface defects.

The more urgent need as far as communications engineers, interested
in the VHE and UHF applications of the technology, were concerned, was
an understanding of propagation on a continuously roughened surface.
This was of importance in determining the quality of substrate surface
finish required to ensure low loss propagation at the higher frequencies.
There existed the hope, too, that the opposite situation, in which areas
of the surface were deliberately roughened, would lead to techniques

for acoustically isolating sections of the substrate and to practical



micrésonic band rejection filters (55).

Brekhovskikh (56), in 1958, had produced a first order perturba-

tion treatment of surface wave scattering, into longitudinal and shear
waves, at a region, of periodic surface roughness. Bykov and Shneider
(57), (58) conducted some practical studies of the dependence of acoustic
attenuation upon surface preparation, but the first attempt to verify
Brekhovskikh's analytical results was undertaken by Rischbieter (59),
who, in 1965, performed a series of carefully executed experiments.
He measured the attenuation of a surface wave normally incident upon a
series of many shallow triangular grooves machined into the surface of
an aluminium block. The damping of the wave thus recorded exhibited
the expected frequency response, but the magnitude of the attenuation
was, in general, more than one order of magnitude smaller than predic-
tions based upon Brekhovskikh's analysis.

In simple experiments modelled on the work of Rischbieter, the
present author used a wedge transduction scheme to measure surface
acoustic wave attenuation on the periodically roughened surface of a
large aluminium block (60) and of a ridge acoustic waveguide (61).

The observed attenuation was of the same order of magnitude as reported
by Rischbieter. At about this time a publication by Humphryes and
Ash (62) confirmed the discrepancy between theoretical and experimental
results. As the evidence now pointed strongly towards an error in
Brekhovskikh's analysis, it was decided to rely upon Rischbieter's
practical response curves - considerable time would have been consumed
in establishing such a refined experimental procedure - and to re-
examine the theory of surface wave scattering.

A thorough check of the analysis disclosed an error in the
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theoretical expression for the damping factor (60), (63). Figures
2.1 and 2.2 show that calculations based on the corrected theory
provided, for the first.time, results in close agreement with the
experimental measurements of Rischbieter. As would be expected
of a perturbation treatment, the analytical curves more closely
represent the practical results in situations of weak coupling,
(Figure 2.1), and differ considerably at the attenuation peaks.

Coherent Reflection of Surface Acoustic Waves.

It should be noted that Brekhovskikh's analysis of surface wave
scattering at a periodically roughened surface considers only the energy
removed from the incident beam due to mode conversion into longitudinal
and shear waves, whose propagation vectors are directed at non-zero
angles to the plane of the free surface:- no account is taken of energy
which may be lost as a surface wave scattered in some direction
(within the free surface) other than that of the incident wave. The
nature of the scattered wave is governed by the need to satisfy the

conservation conditions relevant to a surface situation, namely

(B; *mf + ,Eis).g =0 n=1,2,3,... (2.201)
and w, = -u (2.202)
1 S

Here 2 and ﬁ& are the frequency and wave vector, respectively, of an
incident wave, W and ;g are the corresponding parameters of the
scattered wave, ﬁp is the wave vector describing the surface roughness
perturbation, an;’E is a unit vector in the plane of the unperturbed
propagation surface. These two restraints must pertain in order that
the interaction be cooperative in both its spatial and time dependences.

Rischbieter studied experimentally the behaviour of a surface

wave launched at normal incidence to a region of one dimensional
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periqgdic roughness. If attention is focussed on those situations
for which the scattered wave is also a surface acoustic wave, the
conservation relations, (2.201) and (2.202), require that |

nd; /2 = Ap n=1,2,3,... (2.203)
where ki is the wa?elength of the incident signal and Ap is the
periodicity of the surface roughness. Equation (2.203) is a state-
ment of the conditions for which Bragg reflection (64) of a normally
incident wave motion may be observed. For input signals of a
frequency satisfying this relation, a surface acoustic wave of com-
paratively large amplitude will be reflected from the periodic surface
perturbations such that it travels in the opposite direction to the
incident wave. It is this reflected signal which contributes to the
more severe damping measured by Rischbieter at h = 1.07, (i.e. hi = kp)’
in Figure 2.1, and which is solely responsible for the attenuation
peak at h = 2.14, (i.e. Ai = 2>«p), in Figure 2.2. This latter point
is most interesting because it indicates that at the fundamental
Bragg frequency (n = 1 in equation (2.203)) a surface wave is strongly
reflected from a region of periodic surface roughness with, theoretically,
no energy scatter into volume acoustic modes. Rischbieter investigated
this phenomenon by measuring the standing wave ratio at a point in
front of the roughened area. In this way he was able to record the
reflection coefficient and to assess the dependence of the frequency
response of the reflected signal upon the length of the interaction
region.

2.3 Application to Surface Wave Directional Coupler Design.

In order to observe independently the reflected wave, the crude

experiment sketched in Figure 2.3 was arranged (60); this enabled a
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stud§ of the Bragg reflection of surface waves at non-normal incidence.
The aluminium block used in the exploration was that machined to study
the scattering of surface waves, into volume modes, at regions of
periodic surface roughness. Acoustic absorbing material, (modelling
clay), was applied'to the perturbed surface to define input and exit
beam paths.

A surface acoustic wave was launched, at an angle of 45° to the

perturbations, by a wedge transducer located in port one. When the
frequency of the input signal, (1.0 - 2.0 MHz), was adjusted to satisfy
the fundamental Bragg condition, a reflected signal of large amplitude
was recorded at a receiving wedge transducer placed in port three.
This was expected, as an analysis, using two dimensional surface wave
scattering theory (60), had shown that under thesé conditions, as in
the one dimensional situation discussed in section 2.2,'scattering to
volume waves is negligible. Plots of the frequency response of the
reflected signal were made, but accuracy was hampered by the following
two factors,

1) Signal amplitudes were highly dependent upon the quality
of the acoustic coupling between the wedge transducers
and the substrate.

2) The "make-shift" experimental set-up forced the input
and output beams, as illustrated in Figure 2.3, to be of
different widths. )

For these reasons the practical results (60) must be regarded as
providing only qualitative information.

Rischbieter's experiments had shown that a comparatively long

interaction region of periodic surface roughness could act effectively
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as a.reflector of surface acoustic waves, although no existing analysis
could predict the relative amplitude of the reflected signal. During
the course of practical measurements at non-normal incidence, it was
observed that a considerably shorter interaction length permitted the
device depicted in'Figure 2.3 to behave as a surface wave directional
coupler (60). Energy incident in port one was, in part, coherently
reflected to port three, the remainder of the acoustic power being
received, undeviated, in port two. As required by the conservation
conditions, very little energy was detected as a back-scattered wave
in port four. In this device the strength of coupling is determined
mainly by the number, N, and depth (relative to a surface acoustic
wavelength) of the surface perturbations. The frequency response is
basically of sinx/x dependence, where x = Nﬂ@J—uB)/aB and w is the
centre (Bragg) frequency; this provides a 3dB fractional bandwidth

of approximately 7/8N.

2.31 Surface Wave Directional Coupler Design using a Periodic

Surface Roughness Interaction.

Hence a surface acoustic wave directional coupler design
exploiting the previous experimental results (60) might appear as
shown in Figure 2.4, in which Ash's slot guide structures (47), (48),
(55) define the four ports. But the efficient generation and detection
of surface waves and adherence to a planar device technology necessitates,
as noted in section 1.3, the use of interdigital transducers (IDTs) on
a piezoelectric substrate. Because the common piezoelectric materials
such as quartz, lithium niobate and PZT ceramics are both difficult to
machine (with regard to cutting periodic grooves of specified width

and depth into the substrate surface) and to etch, the design does not
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Figure 2.4
Surface acoustic wave directional coupler design.

Coupling provided by periodic surface roughness.
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i

1endfit6e1f readily to practical implementation.

2.32 Surface Wave Directional Coupler Design using a Periodic

Surface Mass-Loading Interaction.

The search for a design more suited to fabrication by the well-
established photo—iithographic techniques of the integrated circuit
industry led to the design illustrated in Figure 2.5. Here the
substrate is assumed to be piezoelectric, so that IDTs can launch
and receive the surface wavesignals in the various ports. Although
this coupler is similar in concept to that sketched in Figure 2.4,
there is one significant difference:- the interaction region of
periodic surface roughness has been replaced by a central grid which
provides periodic mass-loading of the propagation surface. These
mass-loading strips, which can be etched from a deposited layer of a
material whose elastic properties may or may not differ considerably
from those of the substrate, can be formed during the same photo-
lithographic processes needed to fabricate the transducers.

Intuitively one would expect the behaviour of this device to be
similar to, but the design more versatile than, the coupler described
in section 2.31.

In 1967 Tseng (23) had published a brief report of the experimental
observation of the Bragg reflection of surface acoustic waves employing
essentially the arrangement shown in Figure 2.5. However he did not
explore the response of the device in any detail, in either a theoretical
or a practical sense, but was content to note that this reflection
could be the source of a significant aberration from ideal performance
in IDTs. More importantly, as discussed in sections 10.8 and 11.1,

the interaction utilized in Tseng's experiment was almost entirely
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acousto-electric, the coupling being introduced by the combined effects
of a strongly piezoelectric substrate, PZT-4, and a periodic condﬁcting
grating, fabricated from a thin layer of the low mass density metal,
aluminium. Hence the periodic surface mass-loading interaction can

be shown to have made a negligibly small contribution to Tseng's
measurements.

The remainder of this thesis is concerned, therefore, with
describing the design, fabrication and testing of the so-called
microsonic "crossbar" coupler, the fundamental concepts of which are
illustrated in Figure 2.5. It is concerned, as well, with the
development of an understanding of the effect, on surface acoustic

wave propagation, of periodic surface mass-loading, and thus with the

establishment of a theory to evaluate coupler performance.
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. CHAPTER III
SUBSTRATE ASSESSMENT - ANALYTICAL

3.0 Introduction.

Frequently thg most crucial problem facing the designer of micro-
sonic components is the selection of a substrate possessing all the
properties needed for design implementation. As was decided in the
preceding chapter, the substrate on which the crossbar coupler is to be
built should be piezoelectric, to allow efficient electromechanical
transduction using IDTs, while in order to ensure low propagation loss
the material should be a single crystal rather than an oriented
poly-crystalline piezoelectric medium. Furthermore the high cost of
even small plates of some piezoelectrics, (notably lithium niobate),
as compared with the much lower cost and ready availability of large
single crystal synthetic quartz determines that, if possible, the coupler
should be fabricated on a suitable cut of the latter material.

Substrate piezoelectricity affords the advantage of design using
IDTs, but the accompanying elastic anisotropy of single crystal media
introduces the problem of coping with the more complex analyses needed
to describe surface wave motion. Buchwald (11), (12) and others
(8) - (10) first developed theories to study waves travelling on the
surfaces of single crystal media of high order elastic symmetry (cubic).
These analyses were extended by Tseng (22), (23) to include the effects
of piezoelectricity, as exhibited by some hexagonal crystals. In their
theoretical investigation of surface wave propagation on various cuts
of quartz, which belongs to the low order trigonal elastic symmetry
class, Coquin and Tiersten (24) described methods of widespread

applicability. Their work demonstrated techniques which can be used
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to ahalyse surface wave propagation in any direction on a surface of
arbitrary orientation cut from a crystal of any symmetry class.

In contrast to the simple elastically - isotropic situation
treated by Rayleigh (1), iterative numerical procedures on a digital
computer are necessary to calculate the surface wave phase velocity and
details of acoustic power flow and electroacoustic coupling on aniso-
tropic materials. Lim and Farnell (65), (66) report, following an
extensive survey based on these numerical methods, that no combination
of surface, wave vector orientation or crystal symmetry has been found
for which an unattenuated surface wave, satisfying the stress-free
boundary conditions, cannot be propagated. Slobodnik and Conway (67)
have produced computer programmes exploiting the analytical methods
developed by Coquin and Tiersten (24) and Campbell and Jones (25) and
thus have determined numerical data characterising surface wave motion
on various cuts of many single crystal materials (67), (68).

A designer of surface acoustic wave components seeks propagation
directions and substrate orientations possessing three main properties.

1) To enable the fabrication of IDTs operating at a specified
frequency, the surface wave phase velocity, Ve should be
known accurately.

2) Acoustic power flow and wave vectors should be colinear;

- i.e. the misalignment angle, ¢, between these vectors
should be zero to avoid '"transducer misfire" (24), (67),
(68), (69).

3) In order to obtain efficient electromechanical transduction

over wide bandwidths with IDTs, the chosen propagation

path should exhibit a high electroacoustic coupling factor,
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. 2 (70) - (72).
De Klerk (73) and others (25) note that the electroacoustic coupling
factor can be evaluated directly from a knowledge of the elastic,
piezoelectric and dielectric constants of the medium. But because
the surface wave phase velocity must be calculated as part of the

required component design data, the method of Campbell and Jones (25)

frequently proves more attractive. They offer the conjecture that
k2 o< IAv/vl
(3.001)
where |Av/vl = (v, - v ) /v
£ m f
Ve being the surface wave phase velocity on a free boundary of the

piezoelectric medium, while Vo is the velocity on the same, but ideally-
metallised, surface. The postulation of Smith et al. (70) that

K> = 2F lAv/vl (3.002)
wherein F is a factor approximately equal to unity, is verified by the
more detailed analysis of Auld and Kino (72).

A feature of the surface acoustic wave directional coupler design
illustrated in Figure 2.5 is that two propagation paths of relatively
large angular separation and each offering the three properties described
above are needed on the one substrate surface, which economic reasons
diﬁtate should be cut from a quartz crystal. Slobodnik and Conway (67)
have computed curves of Vs ¢ and |Av/vl as functions of wave vector
orientation on the X, Y and Z crystal cuts of quartz. Their results
show that an X-cut surface has four directions along which ¢= 0, but
all possess only weak electroacoustic coupling. Two well-separated
paths, namely those along the X and Z crystal axes, for which the

misalignment angle is zero are to be found on a Y cut quartz surface,

but unfortunately the Z axis direction has an essentially zero value of
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|ZXV/V|. The Z cut crystal, which displays three fold elastic

symmetry appears, at first, to provide all the wanted substrate features.
Two of the three propagation directions which afford colinearity of the
wave and power flow vectors occur in regions where the [Av/vl curve

is approaching a m;ximum. But closer examination reveals that the
overall electroacoustic coupling factor for Z cut quartz is more than

an order of magnitude less than is available on the Y and X cuts.

Thus not one of these three crystals is particularly well suited
to implementation of the crossbar directional coupler design. For
this reason it was decided to conduct a theoretical study of surface
wave propagation on other common cuts of a quartz crystal, in the hope
of discovering a more appropriate substrate. This segment of the
research programme relies almost entirely upon analyses formulated by
other workers (24), (25) so that the theory is presented only in
sufficient detail to facilitate an interpretation of the numerical data
appearing later in this chapter, and to assist in analyses of the
surface mass-loading and coupler performance as contained in Chapter
IX. With these latter ends in view, a brief description of surface
wave propagation in isotropic media is included.

Isotropic Propagation.

As mentioned briefly in section 1.1, the equations governing
surface wave motion on the stress-free boundary of a semi-infinite,
isotropic, perfectly-elastic solid were derived first by Rayleigh (1);
for this reason a surface acoustic wave propagating under these condi-
tions is referred to as a Rayleigh wave (5), (42).

3.11 Coordinate Notation.

Throughout the following analyses, unless otherwise stated, the
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surface wave is assumed to be travelling in the direction of the

positive X, axis on thefree surface x,= O. This coordinate notation

1 2

is depicted in Figure 3.1 which shows, additionally, that the particle
displacement amplitudes are assumed to decay with increasing positive
values of X, A careful distinction must be made between the propaga-
tion coordinate systemn, X and the coordinate systém defined by the
crystal axes:- the latter is variously represented as the (X,Y,Z)

system and, in tensor relations, as the x; coordinate system.

3.12 Fundamental Isotropic Equations.

The fundamental equations determining the allowable modes of
propagation for elastic waves in isotropic solids are (74), (75);
Stress-Strain Relationship.
= +
Tij XSij Skk Zlu,Sij (3.121)
T.. is stress tensor
1)
S.. is strain tensor
1)
A,fb are Lamés elastic constants
6ij is Kronecker delta.
Strain-Particle Displacement Relationship.
S..=3(u, ., + u,.) (3.122)
13 1, J,1
ui is component of particle displacement
along X, coordinate axis.
,i implies b/bxi
Equations of Motion,
i, = (A+ 2m)u, .. + ;&u, .. (3.123)
£l R T M55
/P = mass density

Perhaps the most convenient method of solution expresses the

particle displacement components, u., in terms of a scalar and a vector
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potential (75). By substituting for the particle displacements in

the equations of motion it is a simple matter to show that the potentials
must be solutions of the well-known longitudinal and shear wave

equations (4), (75).

3.13 Boundary Conditions.

With the further assumption that the wave motidn is independent
of the transverse (x3) coordinate, trial solutions for the potentials
can be established. These may be inserted into the boundary condition
equations, viz
sz = 0 at x, = 0 (3.131)
which obtain for a traction-free surface. The need to have non-zero
displacement amplitude coefficients leads, from the expanded form of
equation (3.131), to the Rayleigh wave characteristic equation
| K - &t o+ (24 - 16772) k2 + 16(772— 1) =0 (3.132)
in which K = vs/vt and 7 = vt/vl, Ve Vi and \f being the surface,

shear and longitudinal wave velocities, respectively, in the medium.

3.14 Rayleigh Wave Velocity.

The two volume acoustic wave velocities are calculable from the
mass density and Lamé's elastic constants for the isotropic material;

i 1
- 2 — 2
v, = (/p) v, = [(A+ 2p/0] (3.141)
Their ratio can be expressed in terms of the Poisson's ratio, &, of
the medium;
1

n = vy = [(L-2602-26)]7 (3.142)
In specific situations the precise surface wave phase velocity can be
computed from the bi-cubic characteristic equation (3.132), or can be

deduced, with a maximum error of 0.5%, from the simple approximation

(76)
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. v,= Vv, (0.87 + 1.120)/(1 +5) (3.143)

3.15 Rayleigh Wave Particle Displacements.

Figure 3.1 shows that the particle displacements associated with
a Rayleigh wave are two dimensional, describing a retrograde ellipse
at the stress-free surface and reverting to prograde a short distance
below, and are confined to the sagittal plane. The displacement
components, ul, parallel to the wave vector, and U, normal to the

plane surface, can be written as (42)

-~ Bx X ~o, B x
u = A e 1 2—2 5 e e 2 = ﬁn@t—ﬂxﬁ
(0(2+ 1)
2
(3.151)
-, Bx -x. Bx
_ 4 B, SBx,
u, = Adle - 2 e am@t—ﬁxﬁ
(x 2 + 1)
2

where A is an arbitrary amplitude constant, /B is the surface wave

vector and O&, az are real decay constants;
2, 2.3
X = (1 -
1 (1 Vg /v1 )
(3.152)
2, 2,4
X . = (1 -
5 (1 Vg /vt )

3.16 Power Flow.

Because a Rayleigh wave is characterised by two-dimensional
particle displacements, there being no component transverse to the
direction of propagation, the wave and power flow vectors are always
colinear in isotropic materials.

Anisotropic Propagation.

Summarised below are the analytical techniques developed by Coquin

and Tiersten (24); the notation established is theirs, and is vital to
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an understanding of the calculations performed in sections 9.3 and
9.5.

3.21 Fundamental Anisotropic Equations.

In a non-piezoelectric, but possibly anisotropic, material the
fundamental equations of elasticity are:-

Stress - Strain Relationship

Tij = Si1 (3.211)
C.. is elastic constant tensor
ijkl
Strain - Particle Displacement Relationship
S., = 3 (u, ., + wu,.) (3.212)
ij SR ji
Stress Equations of Motion
T.. . = U, (3.213)
ij,J Y

It is assumed, for the moment, that the propagation coordinate axes,
X5 X, and x3 coincide with the X, Y and Z crystal axes, respectively;
hence elements of the general fourth order elastic constant tensor,
cijkl’ take their normal values referred to these crystal axes (77).
3.22 Analytical Procedure.

A trial formulation for the particle displacements is
—°<wx2/vs jwlt - xl/vs)
u., = %%g e i=1,2,3 (3.221)

i

where o is the angular frequency of the surface wave motion. Sub-
stitution of this expression into equations (3.211), (3.212) and
finally into (3.213) allows the latter to be expanded as three linearly
independent equations in the/gi. Non-trivial solutions for these
amplitude factors can exist only if the determinant of the 3x3 matrix

of coefficients is zero. This determinantal equation produces a

sixth order polynomial in s = -jx of the form



29.

6° 5 4 3 2 _
A65 + ASS + A4s + Ass + Azs + Als + AO =0 (3.222)

in which the An are rea; gnd are célculable in terms of the Cijkl'
The structure of equation (3.222) is such that roots of s are real,
or occur in comple% conjugate pairs; this in turn forces roots of
to be either pure imaginary or to occur in pairs, with positive and
negative real parts. Since the particle displacement amplitudes,
equation (3.221), must approach zero as X,—>00, the three valid
ol

solutions for j=1,2,3, (i.e. three decay constants with

positive real parts) are selected. Amplitude factors, /Bi(j),
corresponding to each oéj) can be deduced from the three equations of
motion.
To satisfy the boundary conditions of zero stress components on
the propagation surface, viz
sz = 0 at x, =0 (3.223)
all three valid solutions for the decay constants are required. Thus

the general expression for surface wave particle displacements in

anisotropic media becomes

3 » ;
iy - X Wx,/v_ juw(t-x,/v_)
u. = Z C(J)e 2 Se 1" 's
1 =1 1
’ (3.224)
wherein C.(J) NG D P‘(J)
i i

Equations (3.211), (3.212) and (3.224) permit rearrangement of the

boundary condition equations (3.223) as a set of three linearly

independent relationships in the B(J); i.e. as
3 i R
E ‘ Li(J)B(J) = 0 i=1,2,3. (3.225)
J=1
the L.(J) being known in terms of the c.. ., 0<(J) and /8.(J>.
i 1jk1 i
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The Sx3 matrix of coefficients, Li(J), must be of a format which leads

to non-zero solutions for the B(J), which introduces the restraint that
L_(J)

i =0 i,j=1,2,3. (3.226)

When this condition is fulfilled, the relative amplitude factors,
B(J), can be calculated from equation (3.225). A brief description
of the computational procedure is given in section 3.25, a more detailed

treatment being provided elsewhere (78) - (80).

3.23 Comparison of Anisotropic and Isotropic Propagation.

A solution for surface wave propagation in anisotropic materials
generally involves three complex decay constants, in contrast to the
two real decay constants which characterise the isotropic disturbance,
and three components of particle displacement, compared with the two-
dimensional motion analysed by Rayleigh, Only in certain discrete
directions, sometimes predictable from elastic symmetry considerations,
does anisotropic surface wave motion simplify to the two-dimensional
form. In anisotropic media there arise certain situations in which
a "pseudo" or '"leaky" surface wave, with a phase velocity very close to
that of the true surface wave, can exist (12), (65), (66), (81).

This "leaky" wave leads to the withdrawal of acoustic energy from the
free surface, by virtue of one of its decay constants being purely
imaginary, so that propagation directions characterised by near-
equality of these phase velocities should be avoided in component
design.

3.24 Acoustic Power Flow in Anisotropic Media.

The presence, in anisotropic media, of a transverse component of
surface wave particle displacement creates a component of acoustic

power flow in the plane of the free surface, but normal to the wave
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vector. The component, Pi’ of acoustic power density per unit surface

area directed along the X, coordinate axis is
o0

P, = -3 fkeal Part [T.. ﬁ."]dx (3.241)
i ij J 2
0
where % indicates a complex conjugate term. The Pi can be
evaluated by using equations (3.211), (3.212) and (3.224) to expand
the above expression. For the coordinate notation adopted here,

(Figure 3.1), P, = O but generally, in anisotropic materials, P3# 0

2
so that as shown in Figure 3.2, the nett surface acoustic power flow
is directed at an angle, ¢ , to the wave vector, the "misalignment
angle' being

¢ = arctan (P3/Pl) (3.242)

The same diagram emphasises the importance of this parameter.

The combination of a propagation path for which gé is considerable and
a comparatively large spatial separation of transmit and receive
transducers can cause the launched energy to miss entirely the detecting
array. Therefore the microsonic component designer seeks orientations

for which the misalignment angle is zero.

3.25 Techniques for Numerical Solution.

Provided that the most general form of the elastic constant matrix,
Cijkl’ is employed, the foregoing gnalysis is applicable to materials
of any elastic symmetry. But to study a surface acoustic wave travelling
in some chosen direction on a crystal cut of specified orientation
these elastic constants must take values related to the propagation
coordinate system, xi:— recall, from section 3.21, that until now the

coordinate systeﬁs defined by the propagation and crystal axes have

been assumed coincident. The required elastic constants are determined
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by the transformation

L]

Eijkl 2ir ajs 2kt al& “rstu (3.251)

in which a ;. = cos(xi,x;), the x; being the crystal axes (77).
Iterative numércial methods involving a digital computer must be

utilised in order to examine surface acoustic wave motion in a given

anisotropic situation, Program "Anisom', based on the analytical

techniques outlined in this section, was developed for this purpose.

This computer program uses the most general theoretical approach,

and so is capable of analysing surface acoustic wave propagation in

any direction on a substrate of any orientation cut from a material

of any elastic symmetry class. A flow chart of "Anisom" is contained

in Appendix I, together with typical data outputs. More detailed

results, drawn from this program, for specific cuts of a quartz crystal

are presented in section 3.5, while complete program listings have been

provided also (79).

3.26 Application of Analysis to Weakly Piezoelectric Materials.

For materials, such as quartz, which possess small electroacoustic
coupling, microsonic component design data, including surface wave
phase velocity, decay constants and misalignment angle can be calculated
to sufficient accuracy by the analytical methods described above, which
neglect piezoelectricity. However to estimate the electroacoustic
coupling factor through the technique of Campbell and Jones (25), or
to study strongly piezoelectric materials, such as lithium niobate
(45), (67), (68), (71), an analysis which takes account of the piezo-

electric and dielectric properties of the medium is necessary.
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3.3 Anisdtropic Piezoelectric Propagation.

In their analysis of surface acoustic waves travelling on single
crystal quartz Coquin and Tiersten (24) give separate consideration
to the problems of determining propagation parameters and of calculating
the efficiency of c¢oupling to the wave motion using IDTs. Campbell
and Jones (25) extend the propagation analysis to include piezoelectric
and dielectric terms, and, through the assertion discussed in section
3.0, show thét an evaluation of the electroacoustic coupling can be
undertaken simultaneously with studies of the phase velocity and
particle displacements in piezoelectric materials. This analytical
approach, which is summarised in the following sections, is applicable
to both strong and weak coupling materials.

3.31 Fundamental Piezoelectric Equations.

A surface acoustic wave launched on the face of a piezoelectric
crystal is accompanied, both inside the medium and above the stress-
free surface by electroacoustic fields (22). To encompass piezo-
electric effects, the stress-strain relationship for anisotropic
materials, equation (3.211), must be replaced by the

Piezoelectric Equations of State,

Ti5 % Cima®a ~ Skijk (3.311)
D. = e,. S, + €..E. (3.312)
i ijk jk ij ]
in which the Ei are electroacoustic fields,

Di are electric displacements,
e.. are piezoelectric constants,
ijk
and Eij is permittivity tensor.

The other fundamental anisotropic elastic equations, namely the Strain-
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Particle Displacement relation, (3.212), and the Stress Equations of
Motion, (3.213), are retained in their original form.

3.32 Analytical Procedure.

A trial substitution for the particle displacements, equation
(3.221), must be supplemented by an additional relation which describes

the total scalar electric potential, '% ;
- N -
CKOsz/vs jw (¢t xl/vs)

% /84 e e (3.321)

These trial expressions for the particle displacements and electric

potential, combined with equations (3.212), (3.311) and (3.312),
enable the equations of motion, (3.213) to be expanded as three linear
equations in the amplitude coefficients, ﬁ% (i= 1,2,3,4). Gauss's
Law, as it applies to the insulating crystal medium, adds the further
constraint that |

v.D =0 X,z 0 (3.322)
which provides, on expansion, a fourth linearly independent equation
in the f%. The usual requirement that the 4x4 coefficient matrix must
have a zero determinant in order to yield non-trivial values of f%
leads to an eighth order polynomial, of similar structure to (3.222),
in the decay constant, o, Solution of this polynomial produces
(3

four decay constants, (« ,J=1,2,3,4), with real parts of the correct

sign to ensure that the acoustic field quantities approach zero as

X,—>00. Values of /Bi(j) corresponding to each ogj) may be

obtained from the expanded forms of equations (3.213) and (3.322).
Hence the most general descriptions of the particle displacements -

and the electroacoustic potential associated with a propagating surface

wave on a piezoelectric crystal are;
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4 (3 )
- XMV wox /v jow(t-x,/v)
) u_=§:c_(J>e 2Vs, )
1 N 1
j=1
i - u(j)ufx /v juw(t-x./v ) x 0
% _ § o (), 2 seJ 17Vs? (27
- 4 -
=1 (3.323)
where C.(J) = B(J) /3.(3) )
1 1

The usual boundary conditions of a traction free propagation surface,
equation (3.223), still pertain and provide, on substitution of the
above expressions for the particle displacements and electroacoustic
potential, three linear relations in the four amplitude factors, B(j).
A fourth boundary condition is imposed by the continuity of the electro-
acoustic potential across the crystal-air interface; i.e.,

Yoxg=0") = Plx,=0) (3.324)
Once again the 4x4 matrix of coefficients, Li(j), of the boundary
condition equations must be singular; i.e.,

|Li(j)‘ =0 i,j=1,2,3,4 (3.325)
When this restriction is fulfilled, the correct surface wave phase
velocity and decay constants are known and the B(j) can be determined

from the four linearly independent boundary condition relations.

3.33 Comparison of Piezoelectric and Non-Piezoelectric Propagation.

There are a number of important differences between the numerical
results obtained from the analytical procedure described above,
(computational techniques being detailed in section 3.35), and those
derived from the method of section 3.2 applied to the equivalent
elastic, but non-piezoelectric, material. The analysis which includes
piezoelectric phenomena finds four complex decay constants, compared to

the three noted previously, and computes a surface wave phase velocity
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which is raised by a small amount due to "piezoelectric stiffening".
In addition, theoretical descriptions of the electroacoustic fields
accompanying the wave motion emerge from the treatment of section 3.3.

3.34 Acoustic Power Flow in Piezoelectric Media.

Because surface wave propagation in single crystal piezoelectrics
generally involves three components of particle displacement, there is
usually a non-zero misalignment angle, ¢ , between the wave and power
flow vectors. For crystal cuts possessing strong electromechanical
coupling, accurate determinations of misalignment angle can be made
only by taking account of the piezoelectric properties of the material.
This can be achieved through the normal power flow equations, (3.241)
and (3.242), in which the piezoelectric equation of state, (3.311),
is used to evaluate the stresses.

3.35 Technigues for Numerical Solution.

These are the same as described in section 3.25 for investigations
of non-piezoelectric media, except for the obvious difference that
piezoelectric and dielectric, as well as elastic, constants must be
incorporated. Precise values for these extra parameters, in relation
to the propagation coordinates, must be calculated through the frans-
formations

e ik ir ®js it Crot (3.351)

(3.352)

I
o
IS
™

and €. . ) .
ij ir ~js rs
where, as before, a, . = cos(xi, xr) and the X, coordinate system defines
the crystal axes (77).

Tterative numerical techniques must be used again to examine the

wave motion in specific situations. Program "Pianm", which implements
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the analytical methods described above, is a general purpose computer
program capable of returning numerical data characterising surface

wave propagation on a piezoelectric surface of any orientation cut from
a single crystal of any symmetry class. A flow chart of "Pianm"
contained in Appendix II shows the similarities between the computa-
tional procedures for piezoelectric and non-piezoelectric media.
Included in the same appendix are typical numerical data outputs, while
more comprehensive results for specific cuts of a quartz crystal are
presented in section 3.5. A complete listing of "Pianm", which
highlights the structural similarities and differences between itself
and "Anisom", is available (79). Because these two programs were
developed to study various crystal cuts of weakly piezoelectric quartz,
"Pianm', as originally conceived (78), (79), did not compute the
misalignment angle, ¢, this task being undertaken by "Anisom". At

a later stage "Pianm" was extended to allow calculations of ¢ to
include piezoelectric contributions;- hence values of this parameter
appear in the outputs of Appendix II.

Propagation on an Ideally Metallised Piezoelectric Surface.

Equations (3.001) and (3.002) recall that perhaps the most con-
venient method for assessing the strength of electroacoustic coupling
between an IDT and a surface acoustic wave on a particular propagation
path is to know the phase velocity in that direction for both the free
and ideally metallised crystal surface. The free surface velocity,

Ve which must be calculated by a method which includes the piezo-

electric properties of the substrate, is available through the analytical

processes of section 3.3. As will now be shown, the phase velocity,

vm, on the metallised piezoelectric surface can be computed with only
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minot modifications to the analysis.

The metal overlay is assumed ideal in the sense that it is mass-
less, which permits retention of the familiar stress-free surface
boundary conditions, and is of zero resistivity. Whereas in an
investigation of propagation on a free piezoelectric surface equation
(3.324) forces the electroacoustic potential to be continuous across
the crystal-air interface, the metal film short-circuits the piezo-
electric fields at the free surface, so that the boundary condition
reduces to

P (x,70) = 0 (3.401)

A comment inserted in the program listing (79) describes the
simple alteration which must be effected before "Pianm" can be applied
to studies of propagation on ideally metallised piezoelectric surfaces.

Typical data outputs from "Pianm" for the coated surface situation are

to be found in Appendix II, while the ‘curves of electroacoustic coupling

factor presented in section 3.5 are plotted from complete analyses of
the free and metallised substrate surface.

Numerical Results.

The information obtained from theoretical studies of surface
wave propagation on particular substrates using computer programs
"Anisom" and "Pianm' is illustrated here by focussing attention upon
the Y and AT cut quartz surfaces. Figure 3.3 indicates the relation-
ships that these surfaces bear to the other principal cuts of a quartz
crystal, and establishes the coordinate notation for the remainder of
this section,

3.51 Y Cut Quartz.

Summarised in the graphs of Figure 3.4 are the most significant
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Figure 3.3

Principal quartz crystal cuts and coordinate notation.

X, Y, Z are crystal axes.



41,

v
s
3.8 {
3.6 -
3.4 -
3.2
3.0 ¥ 1 T T T 9
-90 0 90
(a) Phase velocity (km/sec).
20 98
10 =
0 i T T T ) ©°
0 90
-10 -
-20 =
(b) Misalignment angle (degrees)
1.0 1 | av/vl
0.8
0.6 —
0.4 A
0.2 +
0 1 T T T T 1 6°
-90 0 90
(c) Electroacoustic Coupling
(x10) (%)
Figure 3.4

Surface acoustic wave propagation on Y cut quartz.
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properties of acoustic waves propagating in various directions on
the surface of a Y cut quartz crystal. Curves (a) and (b) which
represent, respectively, surface wave phase velocity and misalignment
angle as functions of the angle, @, between the wave vector and the
X crystal axis, are plotted from results supplied by "Anisom'. The
variation of electroacoustic coupling factor as a function of @ is
depicted in curve (c), which is drawn from data output by "Pianm',.
Due to the symmetry of the material properties about the X and Z
crystal axes, all three graphs are symmetrical about these directions.
A comparison of Figure 3.4 (78) with corresponding results for Y
cut quartz published a short time earlier by Slobodnik and Conway (67)
discloses that the two sets of analytical data are in excellent agrece-
ment, Furthermore the theoretically determined values of phase
velocity are in harmony with the experimental measurements of Engan
et al. (81). The two aforementioned factors instil confidence in the
accuracy with which the analysis is programmed in "Anisom" and "Pianm".

3.52 AT Cut Quartz.

Figure 3.3 indicates that an AT cut quartz surface is a Y cut
crystal which undergoes a single positive rotation of +35° 15' about
the X crystal axis. Thus surface acoustic wave propagation on an AT
cut crystal can be studied theoretically by the simple step of inserting
one additional coordinate rotation [refer equations (3.251), (3.351) and
(3.352)] into the programs used to analyse the Y cut surface.

The analytical results obtained for the AT cut of quartz are shown
in Figure 3.5, in which curves (a) and (b) of surface wave phase
velocity and misalignment angle are derived from "Anisom'" while the

electroacoustic coupling factor, curve (c) is drawn from the output
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Surface acoustic wave propagation on AT cut quartz.
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§uppiied by “Pianm". A; noted in the investigation of surface waves
travelling on a Y cut sqbstrate, each graph is symmetrical about the

X and Z’ (refer Figure 3.3) crystal axes. By considering, separately,
the three curves of Figure 3.5, important characteristics of the AT
cut surface emerge;

3.521 Phase Velocity. :

Figure 3.5(a) indicates that the surface wave phase velocity on
AT cut quartz ranges from 3.147 Km/sec along the X crystal axis, [
which compares favourably with the value of 3.16 Km/sec calculated by
Deresiewicz and Mindlin (82) and a similar result which can be extracted
from the graphs of Coquin and Tiersten (24) (Figure 3)] , to 3.512
Km/sec along the Z' axis. Note that these velocities are calculated
by a procedure which neglects substrate piezoelectricity, so that the
actual phase velocities may be raised by small amounts, (<-1%), due
to piezoelectric stiffening. The phase velocity does not increase
monotonically with &, but undergoes local maxima and minima in the
region 320<Z|671<:420. This suggests the existence, within these
angular limits, of orientations for which the wave and power flow vectors
are colinear.

3.522 Misalignment Angle.

Curve (b) of Figure 3.5 shows that there are indeed paths on the
AT cut crystal characterised by a zero misalignment angle; these occur
along the X and Z' axes and in the four directions defined by O= I34°
and G = t40.5°. Reference to the previous graph verifies that each
of these orientations is associated with a local maximum or minimﬁm
in the surface wave phase velocity. The greatest misalignment,

¢ F 100, arises when = T54°,
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3.523 Electroacoustic Coupling Factor.

The dependence of electroacoustic coupling factor, represented by

|Av/v| , upon wave vector orientation on the AT cut quartz surface,
is illustrated in Figure 3.5(c). This plot indicates that the coupling
is satisfactorilly'high, with regard to available bandwidth and electro-
mechanical conversion losses using IDTs (70), (71), over the range
—45°<1Ey<450, for these paths to be of practical device utility. A
peak of electroacoustic coupling, where | Av/v] $+075%, is available
in the vicinity of &= T34°.  oOutside of this useful region the
coupling decreases steadily and becomes essentially zero along the Z'

axis.

3.524 Utility in Microsonic Component Design.

Because of their widespread application in volume mode crystal
oscillators, AT cut quartz plates are readily available at comparatively
low prices. It is somewhat surprising, therefore, that this particular
cut has received little attention, of either a theoretical or an
experimental nature, in the surface acoustic wave context (82), (83).

Table 3.1 summarises the characteristics of surface acoustic
waves propagating in those directions, on an AT cut quartz crystal,
which provide colinearity of the wave and power flow vectors. In view
of the discussion in section 3.0, it is clear from this table that the
Z' axis, ( ©@= 900), is totally unsuited to most practical device
designs because of an essentially zero value of electroacoustic coupling
factor. On all of the other orientations listed, an IDT couples
satisfactorilly to a surface wave.

Besides the three properties described in the introduction to

this chapter, a further most useful quantity in assessing the utility
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.Orientation| Velocity (Km/sec) ¢° b¢/b9 lAav/vl
g° ''Anisom" | "Pianm" (%)
0 3.147 3.151 0 0.34 0.064
T34 3.251 3.264 0 ~0.45 0.074
*40.5 | 3.248 3,261 0 0.50 0.064
90 3.512 3.512 0 -0.23 0.000
Table 3.1

Surface Acoustic Wave Propagation Characteristics for

Colinear Directions on AT Cut Quartz.

of a propagation path to microsonic component design is b¢/Q59’, the
slope of the misalignment angle curve, Figure 3.5(c). This parameter
decides the misalignment angle should the transmit-receive transducer
pair be dis-oriented, during the photo-fabrication process, from the
optimum path;- obviously the smallest possible value of |b¢/’594 is
an advantage. Although elastic anisotropy introduces the problem of
acoustic "beam steering', i.e. of paths for which ¢;f 0, its effect
can be used to advantage to assist in controlling the diffraction of
a surface wave beam from a transducer aperture (68), (84). In
prbpagation directions for which B%/b@’ is negative, anisotropy
narrows the launched acoustic beam relative to that which is radiated
by the same transducer on an isotropic surface; the inverse effect
arises for situations wherein 5¢/59’ is positive.

In the 1light of this discussion, the paths on an AT cut quartz
crystal which are most suited to the demands of microsonic component
design are the two for which = t340. Along these directions

5¢/39’ is small and negative:- hence even though Table 3.1 shows that
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a misalignment angle of épproximately one degree results from every

two degrees of pattern disorientation, anisotropy tends to reduce the
width of the launched sgrface acoustic wave beam. For O = 234° the
electroacoustic cogpling is quite high - in fact the largest available
on an AT cut surface, and 72% of the maximum known for a quartz crystal,
(which is for propagation along the X axis of a —20° rotated Y cut (24)).
Finally these two paths are well separated, in an angular sense, by

680, so they seem most useful for implementation of the basic crossbar

surface wave directional coupler design of Figure 2.5.
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CHAPTER IV
SUBSTRATE ASSESSMENT - EXPERIMENTAL

4,0 Introduction.

As stated in the closing remarks of the previous chapter the AT
cut of a quartz cr?stal appears to meet all the substrate requirements
needed for implementation of the crossbar directional coupler design.
But this conclusion has been reached solely from the analytical results
presented in section 3.5, for which little supporting evidence can be
found in the litterature (24), (82), (83). Measurements of surface
acoustic wave phase velocity as a function of wave vector orientation
on an AT cut crystal are deeply immersed in the velocity - temperature
dependence curves plotted by Schulz et al. (83), but considerable
effort would be required to extract numerical values of velocity from.
their results, and this task could not be performed accurately from
the published graphs.

Because of the close agreement between the analytical results
produced in this study and those of Slobodnik and Conway (67) for
surface acoustic wave propagation on Y cut quartz, there is every
reason to have confidence in the results of Figure 3.5 for the AT cut
(which is a +35015' rotated Y cut). However as many facets of the
projected research programme, including the design and performance
evaluation of the crossbar coupler, rested upon an accurate knowledge
of propagation conditions on the selected substrate it was deemed
advisable to seek some experimental confirmation of the analytical data.

The propagation parameter which can be measured most easily in
practice is the surface wave phase velocity, which can be determined

by .constructing a simple delay line with one transmit and one receive
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transducer. Reference to the flow charts of "Anisom" and "Pianm"
contained .in Appendices I and II shows that if experimental verifica-
tion of the analytical Qelocity curve can be obtained, the accuracy of
the most difficult’segments of the computation has been established.
Careful rechecking of the algebra and programming involved in the final
step which calculates the misalignment angle will eliminate errors in
this procedure.

Delay Line Fabrication on AT Cut Quartz.

Precise details of the delay line photofabrication procedure have
been documented (78), so that only essential details are repeated here.
The devices were formed on one inch square AT cut quartz crystals, of
thickness one eighth of an inch, which, being in excess of ten surface
acoustic wavelengths at the design centre frequency of approximately
9 MHz, guaranteed dispersionless propagation (75). Each IDT consisted
of 5 electrode pairérwhich determined a transducer quality factor,

Qa = 5 (70), (71). The centre electrodes of the two IDTs were 1.25
cms. apart in the final pattern, a separation which afforded a delay
of approximately 4}LSECS. Transducer apertures of 20 surface wave-
lengths ensured that all measurements were made under near field
conditions (34).

A photographic mask of the hand-cut rubylith pattern of the
transducer pair was taken initially on a Kodak high resolution plate
and then, by contact printing, was transferred to Kodalith sheet film.
This offered a simple, but comparatively accurate method for positioning

the mask in relation to the substrate. The sheet film could be cut to

TAn array of N electrode pairs contains (2N+1) fingers.
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provide an edge making a selected angle to the axis of the transducer
pair; this could be aligned with the sides of the crystal which were
the X and Z' axes. The IDTs were etched from a vacuum-deposited
aluminium film, visually estimated to be only 0.03 microns thick -
considerably less than the 0.1 micron layer planned. Such a thin
coating would have been of little use in transducer studies, because
the large resistance per square of the metal overlay (85) would lead
to significant departures from ideal performance (86). But in the
measurement of phase velocity, this problem would not be of importance.

In all five delay lines were fabricated (78), each on a separate
substrate, with the transducers aligned nominally along the X and Z'
crystal axes, and at angles of 300, 45o and 60° to the X crystal axis.
One such completed pattern is pictured in Figure 4.1. Throughout the
experimental phases of this surface wave study considerable time and
effort was expended in the design and manual preparation of rubylith
masks and in the development of successful (in terms of an acceptable
device yield) procedures for each stage of the photofabrication process
(78). In fact, as will become more evident from the discussion of
Chapter V, these procedures were being improved and up~-dated continually
in later device manufacture.

4.2 Transducer Bandwidth and Conversion Loss Considerations.

Smith et al. (70), (71), in their lossless three-port analysis
of a surface acoustic wave IDT, show that for each propagation path
and substrate material there is a transducer quality factor, Qm,

determined by the electroacoustic coupling factor, such that
1

Q = (f /Af) = 1! & (4.201)
m © [SIAv/vl]



Figure 4.1
(Opposite)

AT cut quartz crystal and a 9 Mz IDT pair.
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for which maximum bandwidth can be achieved with minimum electro-
mechanical conversion loss. This means that for the simple uniform
IDT of Figure 1.1, which consists of N electrode pairs, the minimum
one-way electromechanical conversion loss of 3dB (due to bidirectional
launching) can be achieved when N = Qm' On paths of strong electro-
acoustic coupling Qm is small, so that a mimimum conversion loss
transducer offers a comparatively high fractional bandwidth, Z&f/fo;
e.g., for a surface wave propagating along the Z Erystal axis on Y cut
lithium niobate, |Av/vl = 2.5%, so that Af/f = 0.25 (71).

The analysis of Smith et al. (70), whose results are replotted in
Figure 4.2 in a manner which facilitates discussion of weak coupling
situations, indicates that this bandwidth can be broadened by external
loading, the price paid being an increased conversion loss. In this
approach it is possible to draw upon the considerable volume of research
which treats the insertion loss-bandwidth trade-offs in broadband
matching to arbitrary impedances (87), (88) and to volume mode piezo-
electric transducers (89) - (92). That external circuit loading can
be effective in widening the bandwidth of IDTs on a strongly piezo-
electric material has been demonstrated clearly by practical measure-
ments of insertion loss for broadband surface wave delay lines on
lithium niobate substrates (71), (26), (93).

This technique assumes even greater importance when the medium
possesses low electroacoustic coupling. For example, consider the
propagation paths angled at t34° to the X crystal axis on AT cut quartz.
In this situation, Table 3.1 shows that lav/vl = 0.075%, so that for
an IDT with 3dB conversion loss the fractional bandwidth is, from

equation (4.201), 0.045. This bandwidth is insufficient for many



Figure 4.2
(Opposite)
Lossless three-port characteristics of a surface acoustic wave IDT.
[after (70), Figure 10]
C_, is twice the electromechanical conversion loss
R, 1is the acoustic reflection loss

T is the acoustic transmission loss

.Qi = TT/4k2N = sz/N is an internal (radiation) quality factor deter-
mined by the electroacoustic coupling factor, kz, of the medium,
and the number of electrode pairs, N, in the IDT.

Qe = GIRg CT is the transducer quality factor due to external circuit

connections. Rg is the external damping resistance, and CT is the

capacitance of the IDT.
Minimum electromechanical conversion loss for a particular N results

when Qe S Qi'
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Lossless three-port characteristics of a surface acoustic wave IDT.
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practical applications - e.g. the transmission of carrier frequency
pulses of short time duration - and must be extended by loading the
transducer with externai circuit elements. To date the main utiliza-
tion of weakly piezoelectric materials has been as substrates in multi-
tap surface wave délay lines (28), (29). In these devices the taps are
simple bidirectional IDTs, of few electrode pairs, which remain untuned
to minimise the amount of energy which is withdrawn from the main
acoustic signal. Perhaps this is why, with rare exception (94),
details of transducer tuning and matching circuits, used in experimental
studies of surface waves on low coupling media are not provided in
general,

The following section describes the design approach adopted
throughout the current investigation to increase the bandwidth of,
and to impedance match, surface wave IDTs operating on quartz. An
attempt is made to relate the behaviour of these broad-banded arrays
to the theoretical performance predictions (70).

4,21 Tuning and Impedance Matching of Transducers.

In Figure 4.3(a) an IDT is represented by a shunt equivalent

circuit comprising a capacitance, C_, and a parallel resistance, Ra’

T
(71), where
CT = {ransducer capacitance
and Ra = transducer radiation resistance.

The transducer is tuned and matched to its external circuit connection,
(represented by the voltage generator, es, of source impedance, Rs’
normally of 50 ohms), by means of a transformer, the secondary winding
inductance, Ls’ of which resonates the transducer capacitance at the

operating frequency, v ; i.e.,
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(b) Simplified equivalent circuit for a tuned and matched IDT.

Figure 4.3
Tuning and impedance matching of interdigital

array transducers.
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2 .
. Ls = 1/w QT (4.21;)

In this shunt representation the radiation resistance is (70)

R = 1 /HONC (4.212)
where k2 (= 2 |A§/vl ) is, as usual, the electromechanical coupling
factor. Thus associated with the transducer and its equivalent circuit
of Figure 4.3(a) is an internal (radiation) quality factor defined to
be

Qi = QTCTRa
which, from equation (4.212), has the value

Qi = ﬁT/4k2N (4.213)

By assuming that the matching transducer is ideal and has a unity
coupling factor the equivalent circuit may be rearranged into the more
convenient form shown in Figure 4.3(b). This diagram indicates that
the quality factor due to the external circuit connections is

Q. = @WRCp (4.214)
where Rg = ans, due to impedance transformation, and n is the secondary
to primary turns ratio. The loaded circuit quality factor becomes

Q = QR/Q; + Q) (4.215)

From the equivalent circuit of Figure 4.3(b) it is clear that the
power radiated by the transducer is

P, = s R (4.216)

R e a

while the available source power is

2
P, = e /AR (4.217)

If a resistance ratio, R, is defined to be

R=R/AR =Q/Q (4.218)
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then the radiated to available power ratio can be written as
B /R, = WA+ R (4.219)

which is a maximum when R = 1; i.e. when Qi = Qe = ZQL.

In surface acoustic wave propagation directions for which the
electroacoustic coupling factor is small, equation (4.213) shows that
a high value of Qi is encountered, which leads, in turn, to large
values of QL required for optimum power transfer. This QL may be
too great to accomodate, without severe envelope distortion, the short
rectangular pulses (typically 1-2 psec bursts of 10 MHz RF) commonly
launched in microsonic devices. The only way to reduce QL is to lower
Qe by reducing Rg' An inevitable consequence is, as emphasised by
equations (4.218) and (4.219), a reduced radiated to available power
ratio and hence large amounts of energy are dissipated in the exte;nal
circuit elements. The technique is, therefore, to select a suitable
value of Q_L (= 2 for AT cut delay lines) which, in a given situation,
fixes the necessary Qe and which further determines, through equation
(4.214), the secondary to primary turns ratio. A surface wave delay
jine whose transmit and receive transducers have been tuned and matched
by this procedure is pictured in Figure 4.4.

4.22 Blectromechanical Conversion Losses.

In all experimental aspects of this study it was assumed, under
the constraint of operating with short signal puises, that bandwidth
was of primary importance, SO that moderately high electromechanical
conversion losses were tolerated. By way of example consider once
again the performance of two IDTs, each of 5 electrode pairs, operating
on the path which makes an angle of 34° to the X crystal axis on AT

cut quartz. The external quality factor for each array is Qe = 0.5,



Figure 4.4
(Opposite)
Tuned and matched surface acoustic wave delay

line (9 MHz) on an AT cut quartz crystal.
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while each has a radiation quality factor, calculable from equation
(4.213), of Qi £ 100, so that Qe /'Qi £ 0.005. The analytical results
plotted in Figure 4.2 (76) predict a two-way electromechanical conver-
sion loss of 40dB for this transducer pair, and an acoustic reflection
loss of 46dB at eaéh array. As is discussed in greater detail in
section 5.34, a two-way conversion loss of 42.5dB was recorded experi-
mentally under the afore-stated conditions.

4.23 Testing of Delay Lines.

The five delay lines were tested by applying a lusec pulse of
RE carrier to the transmitting array and observing the signal received
at the second transducer (78). For four of the delay lines a surface
acoustic wave signal of large amplitude was detected at the receiving
IDT, the strongest response being for centre frequencies in the vicinity
of 9MHz, the approximate design centre frequency. But for the crystal
whose transducers were aligned along the Z' axis, no surface wave signal
could be detected. In view of the analytical curve of Figure 3.5(c),
which shows that the electroacoustic coupling between a surface wave
and an IDT is essentially zero for this wave vector orientation, this
result was not surprising. For extremely weak coupling situations the
discussion of sections 4.21 and 4.22 reveals that a very large delay
line insertion loss arises - so great, in this particular instance,
that no surface wave signal could be observed at the receiver.

Phase Velocity Measurement Procedure.

The simplest method of determining surface wave phase velocity is
to measure accurately the distance, L, between corresponding points on
the transmit and receive transducers and the elapsed time, T, between

excitation of the launching array and detection of the propagated
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signal at the receiving array; the desired velocity can then be calcula-
ted as

v_=17 (4.301)
For the four useful AT cut quartz delay lines the predicted largest
velocity difference, namely that between the waves propagating along
the X crystal axis and at 60° to this axis, can be seen, from Figure
3.5(a), to be only 6%. Hence quite an accurate practical procedure
is needed to observe the small changes in velocity for different delay
lines.

A block diagram of the equipment used in this experiment is presented
in Figure 4.5 while the photograph of Figure 4.6 pictures the actual
items. An extremely short pulse, of 0.7fbsecs duration and of 9MHz
carrier frequency, was applied to the transmitting transducer of a
delay line. The "A intensified by B" and "Delay Time Multiplier"
facilities of the Tektronix 585 CRO, (the latter having been calibrated
previously using a stable RF source and frequency counter), allowed
the time delay, T, to be measured to an accuracy of 0.2% (T = 4fpsecs).
A Nikkon Measurescope enabled the distance, L, between the centre
electrodes of the two IDTs to be recorded as 12.485 tO.me. From
these two results and equation (4.301), the surface wave phase velocity
was calculated.

The four working delay lines were subjected to this experimental
procedure, Each step of the process was repeated several times and
the results averaged to improve accuracy further. The precise orienta-
tions of the delay lines were measured by means of the Nikkon Measure-
scope, which permitted a determination of the angular separation between

the delay line axis and the crystal edges. But during machining of



Figure 4.6
(Opposite)
Items of equipment used in surface acoustic wave phase

velocity measurements.
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Figure 4.6
(Opposite)
Items of equipment used in surface acoustic wave phase

velocity measurements.
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the AT cut substrates frbm the original crystal, the edges of each
plate were oriented with the X and Z’ axes only to within tlo.

The single quantitf which can be recorded least accurately in the
above method is the time delay, T; this can be removed from the final
calculation of surface wave phase velocity by resorting to phase
interference techniques (95), (96). This indeed was done, and the
measured velocities showed close agreement not only with those observed
by the simpler "elapsed time-distance" procedure but also with the
analytical values. However it was realized later that a number of
uncertainties, which could have been resolved only by detailed equiva-
lent circuit analyses of the now-dismantled transducer tuning circuits,
could have introduced small phase shifts which would have a minor, but
noticeable (in terms of the desired experimental accuracy of approx.
0.3%) effect on the measured velocities; for this reason these results
are not presented here. Alternatively, to avoid the necessity of a
detailed circuit analysis, phase interference measurements should
have been taken at two frequencies corresponding to adjacent maxima or
minima (95) or two receiving transducers should have been employed (96).

Results of Surface Wave Velocity Measurements on AT Cut Quartz.

The four experimentally recorded surface wave phase velocities
are plotted in Figure 4.7, together with an analytical velocity curve
drawn from the results of "Pianm'" applied to free surface propagation.
All of the measured values show a discrepancy of less than 0.3% with
the theoretical velocities. Clearly the I1.0° angular tolerance
described in section 4.3 could not significantly influence this agree-

ment. The harmony of these theoretical and practical phase velocities

engenders further confidence in the analysis and computational procedures,
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Figure 4.7
Surface acoustic wave phase velocity on AT cut quartz.
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and,* as discussed in section 4.0, provides strong justification for
the design of microsonic components on AT cut quartz using the analy-

tical data summarised in Figure 3.5.
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= CHAPTER V
DESIGN AND FABRICATION OF A MICROSONIC CROSSBAR COUPLER.

5.0 Introduction.

Chapters III and IV have discussed at length the properties of
surface acoustic waves propagating on an AT cut quartz crystal. They
lead to the conclusion that this particular substrate can be utilized
effectively in the construction of a microsonic directional coupler
which exploits periodic mass-loading of the propagation surface as the
coupling mechanism, Attention is now focussed upon the design and
fabrication of such a device. Details of practical device performance
do not follow immediately but are deferred so that subsequent chapters
can develop an analysis of coupler behaviour based on the intimate
description of the device contained here. This allows theoretical and
experimental coupler response curves to be presented together and to be
compared closely in Chapter X.

5.1 Design of Metal Overlay Patterns for the Crossbar Coupler. -

Throughout experimental studies of the surface acoustic wave cross-
bar directional coupler two separate and slightly different masks were
used to fabricate the metal overlay patterns. These are pictured in
Figﬁre 5.1, parts (a) and (b), and are labelled as style A and style B
respectively. Both are essentially identical in their geometry, and
both evolved from the same design strategy. The only important
difference between the two masks is that style B includes an additional
IDT, which permits the amplitude of a launched surface acoustic wave
to be monitored before it encounters the region of periodic surface
mass-loading. Although couplers of style B have five transducers, they

are four port devices. Because of the basic similarities between the



Figure 5.1
Surface acoustic wave crossbar directional coupler pattern on
AT cut quartz.
(a) (Opposite) Photograph of device mask, style A.

(b) (page 68) Photograph of device mask, style B,
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two patterns, the design concepts from which they emerged will be
discussed jointly.

5.11 Orientation of Transmission Paths.

For the reasons detailed in section 3.524, the main transmission
paths of the crossbar coupler, (i.e. between ports 1 and 2 and between
ports 3 and 4) are, as illustrated in Figure 5.1, placed at angles of

#34° to the X crystal axis on AT cut quartz. Furthermore it may be
recalled from section 3.52 that because of the inherent symmetries in
this particular cut, surface acoustic waves propagating in these two
directions have identical characteristics.

5.12 Periodicity of Surface Mass-Loading Perturbation.

The fundamental principles upon which the coupling mechanism of
the crossbar coupler, as pictured in Figure 5.1, depends were introduced
in section 2.3. A surface wave launched in port 1, say, is, in part,
coherently scattered through interaction with the region of periodic
surface mass loading into a surface wave which is detected at port 3.
The balance of the acoustic energy is transmitted directly to port 2,
there being virtually no signal back-scattered to port 4, or, theoret-
ically, converted to volume modes. In this particular context, where
both the incident and scattered signals are surface waves, the general
conservation conditions, equations (2.201) and (2.202), reduce to

Ei + Ep + ES = 0 (5.121)
and W, = - (5.122)
where fundamental frequency operation has been assumed. The notation
is as established in section 2.2; viz u& and f% are the frequency and
wave vector of the incident wave , (us and ﬁs are the corresponding

~

parameters of the scattered wave and ﬁp is the wave vector of the
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periodic surface perturbation. Figure 5.2 depicts the wave vector
diagram drawn from equation (5.121) and related to the centre frequency
behaviour of the coupler whose geometry is shown in Figure 5.1.
From this diagram ;t is clear that a necessary band centre condition
which must be fulfilled in order that the coupling interaction be
cooperétive in terms of spatial dependence, is that-
Iﬁpl = 2 | ﬂil cos & (5.123)

in which, as indicated in Figure 5.1, = 34°. Thus the width, d,
of each mass-loading strip must be

a = () sec OG>/ 4 (5.124)
)0 being the wavelength of the incident wave at the device centre
frequency. The surface mass-loading perturbation is composed, there-
fore, of elements which are a factor of sec® wider than the electrode
fingers of the IDTs in each of the ports and which are placed normal to
the X crystal axis, (refer Figure 5.1), so that ﬁp is colinear with
this axis, as shown in Figure 5.2. -

This choice of ﬁ% ensures that a signal of large amplitude is
coupled to port 3 whe;'port 1 is excited. At the same time it means
that the amplitude of the directivity wave, back-scattered to port 4,
is small, because the wave vector of this signal cannot satisfy the
conservation relation (5.121) and thus cannot arise from an interaction
which is cooperative in its time and spatial dependences.

5.13 Frequency Response Considerations.

Intuitively the coupling mechanism could be expected to exhibit
a predominantly sin x/x frequency dependence, where x = NTT(&J—cub)/ojo,
N being the number of mass-loading strips in the interaction region

and wy the device centre frequency; this anticipated response provides
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Figure 5.2
Centre frequency wave vector diagram for the

coupled signal in the microsonic crossbar coupler,
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an approximate 3dB fractional bandwidth of (7/8N). Figure 5.1 shows
that couplers were fabricated with N = 10, (style A), or N = 20, (style
B), these values being thought to afford a suitable compromise between
bandwidth, (inversely proportional to N), and strength of coupled

signal (proportional to N). IDTs of five electrode pairs were to
provide the means of electromechanical conversion at the four ports

in both device styles, When externally tuned and loaded as described
in section 4.21, these transducers should possess a bandwidth - electro-
mechanical conversion loss characteristic suited to experimental studies
of the coupling mechanism:- most importantly they should provide
sufficient bandwidth to allow a complete exploration of the main lobe

of the coupling response while tolerating only small distortion of the
launched surface acoustic wave pulse envelope.

5.14 Preparation of Masks for Photofabrication Processes.

Techniques almost identical to those outlined in section 4.1
for the delay lines formed on AT cut quartz (78) were used to prepare
the original rubylith and final photographic masks for fabrication of
the crossbar couplers, A photographic reduction factor of 25:1 allowed
the mask for coupler style A, as illustrated in Figure 5.1(a), to fit
onto a one inch square substrate area, so that this device could be
constructed on the same AT cut crystals used in the delay line experi-
ments described in Chapter IV. Couplers of style A were designed to
function at a centre frequency of 10.3MHz and to have a separation
between ports (i.e. between transducers 1, 2 and 3, 4 in Figure 5.1(a))
of 1.3cms; the latter should allow propagation of pulse lengths
approaching 4/LS€CS without interference, at the receiving transducer,

due to a signal electromagnetically coupled from the input port. All
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IDT apertures were of approximately ten surface wavelengths, so thét
all measurements could be made in the near field region (34).

Crossbar couplers of style B were planned to fit on a somewhat
larger AT cut quartz plate of dimensions 2.0 inches along the X crystal
axis, 1.5 inches along the Z' axis, and 0.15 inches thick. A photo-
graphic reduction of 20:1 from the original rubylith pattern to the
final mask provided a design centre frequency of 10.6MHz and a transducer
separation of approximately 4cms along the main transmission paths.
Hence the main advantage of coupler style B, apart from the availability
of an additional monitor transducer, was the provision of longer
propagation distances, which should enable the detection of surface
wave pulses in excess of lOfLSGCS duration without interference from
an electromagnetically coupled signal. Thus practical measurements,
which would have to be made in a pulse mode to avoid the build-up
of spurious signals, (perhaps due to electromagnetic coupling or to
surface wave reflection at the edges), would be more representative of
CW performance in the improved coupler of style B. In keeping with
the greater path lengths, the transducer apertures in this pattern
were increased to thirteen surface wavelengths so that measurements
could be taken once again under near field conditions (34).

In both coupler styles elements of the surface mass-loading grid
were of a non-uniform length, Figure 5.1 illustrates that the perturbed
surface area was that illuminated by both the launching transducer and
by the transducer receiving the scattered wave (i.e. by IDTs 1 and 3
or 2 and 4). Another feature common to both styles A and B was the
incorporation of large metallised areas of the substrate surface

between ports:- when earthed these plated regions should reduce the
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electromagnetic coupling between transducers.

Fabrication of the Crossbar Coupler.

A1l of the surface wave crossbar couplers were constructed by
the same photolithographic methods, although, as detailed below, these
differed somewhat from the procedures described in section 4.1 for delay
line fabrication (78).

5.21 Metal Overlay Deposition.

The material most commonly employed in IDT manufacture on a quartz
crystal is aluminium. This metal offers the advantages of good
adhesion and acoustic impedance matching to the quartz substrate (73).
But because the interaction in the crossbar directional coupler was
to be provided by surface mass-loading, a material of greater mass
density than aluminium, (/)= 2.7) (97), was needed to obtain appreciable
coupling with moderate overlay film thickness. The obvious choice
was gold, whose mass density is p= 19.3 (97).

Initial attempts to fabricate the pattern of Figure 5.1(a) from
a gold film vacuum deposited upon an AT cut quartz surface were plagued
by poor metal adhesion. Two methods by which this problem could be
overcome were contemplated. Firstly an extremely thin interface layer
of a suitable material (chromium) could be applied to the quartz
surface before deposition of the gold. Although this method offered
a permanent and possibly the most ideal solution, it would have com-
pounded the problems of deposition, (only a single filament being
available in the vacuum chamber), and of etching (necessitating a more
sophisticated and perhaps a two-stage process). These factq;s
suggested that a concentrated effort should commence on the second

approach, which rested upon the belief that more elaborate substrate



74.

cleaping procedures would substantially increase overlay adhesion.
The first improvement involved the'design, construction and imple-
mentation of a vapour degreasing unit (trichlorethylene reflux bath)
to be used immediately following the normal cleaning procedures (78)
and immediately prior to sealing the substrates in the vacuum chamber.
Utilization of a recently installed glow discharge unit comprised
the second improvement to the cleaning procedures. With these addi-
tional processes, a device yield in excess of 80% was obtained for the
frequency range of interest (a 10MHz centre frequency requires a line
width of approximately 75microns for one IDT electrode).

The fingers of an IDT are spaced at a periodicity conducive to
the coherent reflection, at subsequent electrodes, of a launched surface
acoustic wave (73) (refer Figure 1.1). For this reason the whole of
the AT cut crystal surface was coated with a comparatively thin,
(typically O.lmicron), layer of gold; from this IDTs, which could be
expected to function with quite small inter-electrode reflections,
would be etched at a later stage. A mask was lowered over the crystal
surface and a further thick film, (typically 0.5 - 2 microns), of gold
was deposited over a circular region at the centre of the substrate:-
from this the periodic surface mass-loading bars would be formed.

5.22 Preparation of Photoresist Mask.

KTFR photoresist was applied, exposed and the desired image
developed in the usual manner (78). The photographic mask was oriented
relative to the substrate by the technique outlined in section 4.1; it
was found that with this method the transmission paths of the crossbar
coupler could, with care, be aligned to within tO.SO of their exact

location as determined by the crystal edges. Thus the overall
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+

tolerance in siting the main coupler paths at 234° to the X crystal
+

axis became 21.5% (refer section 4.3).

5.23 Etching of Metal Overlay Pattern.

An iodine solution (98), (10g. I, 20g.KI, 400ml. HZO)’ diluted
as stated to provide a controllable etch rate of approximately .08 microns/
minute at 680F, yielded the desired pattern from the photoresist mask
on the gold overlay. Because of the disparity in thickness of the two
gold films, on placing the quartz crystal into the étch the IDTs
rapidly formed from the thin overlay, but considerable time was required
for the mass—-loading bars to be etched from the much thicker central
region. It was observed that if this mass-loading film was too thick,
there was a tendency for the resist to be attacked, after a considerable
period of time, by the etch; this resulted in damage to the completed
transducer patterns. Although this factor, together with the associated
problem of under-cutting, did not pose any serious problems in device
fabrication during this study, it does present a practical limitétion
to the fabrication of strongly mass-loading grids by chemical processes.
After etching the remaining photoresist was removed by a commercial
stripping solution. Completed directional coupler patterns of both‘
styles A and B are pictured in Figure 5.3.

Preparation of Crystals for Experimental Device Studies.

Additional tasks had to be undertaken to prepare the microsonic
crossbar couplers for experimental study. These included steps to
reduce interference from spurious signals, the provision of external
circuit connections and the incorporation of suitable external tuning

and loading for the IDTs.



Figure 5.3
Completed surface acoustic wave crossbar coupler patterns

etched in gold on an AT cut quartz crystal.

1)
(a) (Opposite) Coupler Style A on 1 square AT cut

quartz crystal.

(b) (page 77) Coupler Style B on (2 x 1.5 ) AT

cut quartz crystal.
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5.31* Suppression of Unwanted Surface Acoustic Wayve Signals.

The photographs of the directional couplers contained in Figure
5.3 show that the transducers in each port were located quite near to
the corners of the crystal. In this situation one of the ma jor
sources of spurious acoustic signals was the surface wave, launched
in the reverse direction by the bidirectional IDTs, which was reflected
at the edges of the crystal (54), (78), (99) - (101) back towards the
receiving transducer. "Apiezon W', (black wax), (27), (102) small
quantities of which were melted onto the substrate surface immediately
behind each array, as depicted in Figure 5.3(b), damped these unwanted
signals by more than 30dB.

5.32 External Circuit Connections.

Thin gold wires, 5 thousandths of an inch in diameter, soldered
directly to the transducer terminals with pure indium, using a low
temperature (SOOOF) soldering iron tip to avoid damaging the thin
film overlay, proved the most effective means of providing external
circuit connections. Although commercial fluxes facilitated the
creation of a neat, solid joint they were sufficiently corrosive to
attack the gold film over a period of time. Thus in all practical
devices somewhat untidy, but good ohmic contacts were made without
the aid of a flux.

5.33 Mounting of Crystals.

For the purpose of experimental study, the crystals on which
couplers of style A had been fabricated were placed in the jig shown
in Figure 5.4(a). Because this was the first directional coupler to
be investigated, the jig was quite simple. Single tuned and matched

input and output circuit connections were provided; measurements of



Figure 5.4
Surface acoustic wave crossbar directional couplers

mounted and tuned in preparation for experimental study.

(a) (Opposite) Coupler style A.

(b) (page 80) Coupler style B.
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coupling factor were performed by connecting the same output circuit,
in turn, to each of the detecting transducers. This experimental
arrangement functioned quite satisfactorilly, but because of the lack
of electromagnetic, shielding, care had to be exercised to make certain
that an electromagnetically coupled signal (of much greater amplitude
than the propagated surface acoustic wave pulse) did not saturate the
receiving amplifier.

To overcome this problem in the practical tests on couplers of
style B, the crystals were housed in the more elaborate jig illustrated
in Figure 5.4(b). The box was made from aluminium, and the crystal
was held in place on the floor of the central compartment by adhesive
tape - the proximity of the metal ground plane, on which the crystal
rested, to the launching and receiving IDTs greatly reduced the
amplitude of the electromagnetically coupled signal. Single input
and output circuits were contained in separate compartments; access to
the transducers was obtained by passing short lengths of wire through
small holes drilled in the intervening walls.

5.34 Tuning and Matching of Transducers.

The transmitting and receiving IDTs were tuned and impedance
matched by the basic method described in section 4.21. However, to
facilitate tuning and to permit monitoring of the voltage applied to
the launching transducer, a CRO probe (10 Megohm, 7 pf) was placed
permanently across each transformer secondary winding, the required
inductance of which became, therefore,

L =1 /w” (C, +Cp) (5.341)

where QT represents, as before, the transducer capacitance and Cs is

the total additional capacitance due to the CRO probe, wiring strays, etc.
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,It is instructive to investigate, analytically, the effect of
the capacitance, CS, upon IDT perfgrmance. For this purpose the
definitions of external load resistance, Rg’ (Figure 4.3), external
quality factor, Qe} [équation (4.214)] , and transducer radiation
quality factor, Qi’ [equation (4.213)] , are retained from the discus-
sion of section 4.21, aﬁd the quantity

Qs = W Rg Cs (5.342)

is introduced to take account of the extra capacitance. On propagation

paths of weak electroacoustic coupling, Qi 2>QS, Qe so that from

Figure 4.3 it can be seen that the loaded circuit quality factor is

Q Q, + Q)

&R (C +C) } (5.343)
g s T

Experimental measurements on couplers of style B determined that
CT = 1.1pf and Cs = 11pf. By providing the value of Rg required by
the above relationship, each IDT was tuned to provide QL = 5.0, and

hence Qe = 0.5, As detailed in section 4.22, lossless three port

i

junction theory predicts, for this situation (Qe / Qi = 0.005), a
two-way electromechanical conversion loss of 40dB; in practical studies
of style B crossbar couplers a 2-way conversion loss of 42.5dB was
recorded. In view of the facts that the theoretical conversion loss
is calculated from an analysis based upon the over-simplified equivalent
circuit of Figure 4.3 and upon the assumption of an ideal transformer,
this agreement is quite acceptable.

But it is important to note, from equation (5.343), that this
predicted two-way conversion loss of 40dB can be achieved, in the
presence of this particular capacitance, Cs’ only with a loaded circuit

quality factor of QL =5, The analysis contained in section 4.21
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indicates that in the ab;ence of any additional capacitance, the same
transducer performance can be obtained with QL = 0.5(% Qe); i,e. the
communication bandwidth can be increased by the factor (CS + CT) / Cpe
Although the comparatively low value of Qe used in experimental

studies of style B crossbar couplers introduced a high insertion loss,
compensation in the form of adequate transmitter poﬁer and receiver
amplification was available, and the relatively wide bandwidth afforded
by working with QL = 5 ensured a range of frequency excursion suitable

for the exploration of the complete main lobe of the coupled signal

response.
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CHAPTER VI
METHODS OF MICROWAVE ANALYSIS APPLIED TO ELECTROACOUSTIC

FIELD PROBLEMS

6.0 Introduction.

Perhaps the most useful analytical tools of microwave theory are
the reciprocity relation, the orthogonality condition for the normal
modes of an electromagnetic waveguide and the expreésion which describes
the amplitude of a normal mode excited by a known source distribution
(103) - (105). Auld (106) has pioneered the application of these
concepts to studies of electroacoustic interaction systems. His
fundamental paper which highlights the many similarities between the
electromagnetic and acoustic field equations, extends the three electro-
magnetic relationships to encompass the effects of elastic and piezo-
electric energy storage. These techniques have been exploited by
Auld and other workers in analyses of various surface acoustic wave
phenomena:- included in this category are propagation (106), (107),
(108), transduction (72), (108), amplification (108), (109), surface
loading (108), (110) and scattering (108), (110), (111). These
investigations proved quite fruitful and clearly demonstrated the power
and widespread applicability of this approach to electroacoustic field
problems. In particular these methods offer a convenient means for
evaluating the theoretical performance of the surface acoustic wave
crossbar directional coupler.

This chapter develops expressions for the reciprocity relation,
the normal mode orthogonality condition and the amplitude of a coupled
normal mode as they relate to propagation in a piezoelectric waveguide.

In so doing it prepares a foundation upon which the crossbar coupler
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analysis, as contained in Chapters VII, VIII and IX, can be built.

Derivations of the three relationships can be undertaken in either
of two formulations (112), (113); éhe "direct", which involves products
of the field variables, or the "mixed" or "complex", which involves
products of the fiéld variables and their complex conjugates. Closer
examination discloses that the two formulations provide results of
similar utility and, in determinations of the required expressions,
lead to analyses of similar complexities. For definiteness this
chapter, and those which follow, are written within a "complex" frame-
work. As emphasised by Waldron (107), a choice of this formulation
demands that, in extensions of the basic analysis to perturbation and
variational treatments, attention be given to the phase relationships
which exist between the field quantities.

Because the electroacoustic reciprocity relation, and descriptions
of the methods by which it may be derived from Maxwell's equations and
the fundamental piezoelectric field equations, have appeared several
times in the litterature (106), (108), (112), (113), in a number of
different forms, its validity will be assumed and the relationship will
not be verified from first principles. An orthogonality condition
for the normal modes of a piezoelectric waveguide will be established
from the reciprocity relation. These two results will be used to
determine an expression for the amplitude of a normal waveguide mode
excited by a known source distribution. Although both the orthogonality
(34), (72), (106), (108), (111) - (114) and the coupled mode amplitude
relationships (34), (72), (106), (108), (109), (112), (113) are to be
found in the litterature as well, a detailed treatment is warranted in

order to present the expressions in the form most suited to the
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ultiTate goal:- i.e., analysis of the surface wave crossbar coupler.
Throughout this chapter opportunities to place the results in perspec-
tive with the work of other researéhers are created.

Chapter VII takes the analysis developed here in an electroacoustic
waveguide context énd modifies it to deal with interaction on a surface,
as encountered in the microsonic crossbar coupler.

Notation for Field Variables.

The principal field variables of propagating electroacoustic mode

"i" may be summarised as follows;

Electromagnetic

Ei (3x1) vector «———» electric field

Hi (3x1) vector «——— > magnetic field

Ji (3x1) vector «————— current density

” et. (3x1) vector «— > transverse component of electric
o field
e (3x1) vector «——> longitudinal component of electric
s field
ht. (3x1) vector «— > transverse component of magnetic
~ field
hx. (3x1) vector «——>longitudinal component of magnetic
o field
Acoustic

Ti (3x3) matrix «———>acoustic stress

;i (3x1) vector «———>acoustic velocity

F (3x1) vector «—— > acoustic body force density

?



87.

t (3x1) vector «———> transverse component of acoustic

stress on a surface of specified

normal
tx (3x1) vector «——>longitudinal component of acoustic
i
- stress on a surface of specified
normal
\A (3x1) vector «—>transverse component of acoustic
i
velocity
v, (3x1) vector «——— longitudinal component of acoustic
i
velocity

A1l field quantities are capable of interpretation as the real parts of

complex numbers containing the usual time variation factor; in the

Jwt term has been omitted from

field expansions of section 6.34 the e
both sides of the relation, but is included by implication,
Further ‘general notation includes:-

w angular frequency of mode i

wave vector (real) of propagating mode i

i
ds outward normal of surface S
o material conductivity
v © material viscous damping coefficient
X ¥ complex conjugate of field quantity X
AT transpose of matrix A

6.2 Complex Electroacoustic Reciprocity Relation.

The reciprocity relation is concerned with two field solutions,

(E,,H., T., v.) and (E., H,, T,, v.), of Maxwell's equations and the
1 i 1 J J J J

~ ~ I3 ~ ~ of ~
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basic electroacoustic eqﬁations describing a non-magnetic, piezoelectric
material possessing a linear conductivity relation. Field solutions
"i" and "j" are assumed to be of the same angular frequency, .
Gauss's divergence theorem (115) permits the reciprocity relation to

be expressed in the integral form (103), (106), (108), (112), (113)

}4 (B, xH*+ B* xH, -T..v* -T*.v.).as
S A J J i i i’ ~

~ & LIRS (6.201)
: *
=/ 5Tar cmXTa v, v v, BT Doy
v i J J i 3 i I S

tad ~ ~ ~ ~ ~

The left hand side of this equation is an integral over the surface,
S which encloses volume v of the piezoelectric medium. Contained

within this volume are the electric current densities Ji’ Jj and the

~ ~>

acoustic body force densities Fi, Fj which are the sources of the

~ ~

electroacoustic fields. The above relationship is truly reciprocal,
with respect to field solutions "i" and "j", only if

J = o B r=1i,j (6.202)
r r

~ —~

]

and Fr -V r =1,j (6.203)

~ ~

To satisfy these constraints the medium must have a linear conductivity
relation, and the only body force densities must be due to viscous
damping.

Several features of this reciprocity relation, equation (6.201),
are worthy of note. Firstly, for reasons which will become apparent
in Chapter VII, the usual quasi-electrostatic approximation (106),
(108) (V xE =0, E = —z}//) has not been made. Secondly, the
surface integrand is the sum of Poynting-vector-type products; the
electromagnetic Poynting vector (103), Pe’ and the acoustic Poynting

vector, (116), Pa’ can be written in terms of the field variables as
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P, = E x H¥ © (6.204)
and P = —z."g* (6.205)

L

Finally, although the reciprocity relation is applicable to a general
electroacoustic interaction system, the volume integral does not
contain any piezoeiectric coupling terms,

An Orthogonality Condition for the Normal Modes of a Uniform

Piezoelectric Waveguide.

Commencing with the complex reciprocity relation, equation (6.201),
this section proceeds to derive an orthogonality condition for the
normal modes of a piezoelectric waveguide.

6.31 A Uniform Piezoelectric Waveguide.

The propagation system envisaged in this and the subsequent
section of the analysis is a general piezoelectric waveguide, one
example of which is sketched in Figure 6.1. This structure has its
main axis along the x coordinate direction, and is assumed to be of
uniform geometry in both transverse directions. S1 and Sz, located

at X and X, respectively, are cross-sectional planes of the waveguide;

Sw comprises the total guide-wall surface between these reference
planes. The surface S, (= Sl + S2 + Sw), whose outward normal is

n, encloses volume v of the guide.

6.32 Boundary Conditions at the Waveguide Walls.

In accordance with the usual electromagnetic and acoustic boundary
conditions, the waveguide walls are assumed to be perfectly conducting
and stress-free. These requirements can be met simultaneously by
the deposition of an infinitely-thin, perfectly-conducting metal over-
lay onto the piezoelectric wall surfaces. As discussed in section

3.4, this concept has been used widely in calculations of the strength
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of electroacoustic coupling between a surface acoustic wave and an IDT
(25), (67), (72).

6.33 Derivation of an Orthogonality Condition.

A derivation of the desired orthogonality condition is based upon
the complex reciprocity relation in which field solutions "i'" and "j"
are replaced by normal waveguide modes "m" and "n''; as such these modes
are source-free solutions of the electroacoustic equations.describing
propagation in the structure. Putting the current and body force
density sources equal to zero, i.e.

=J = = =0 (6.331)
m n m n

~ ~ ~ ~

equation (6.201) reduces to

(B xH¥+EB* xH -T .v¥ -T* v).ds=0 (6.332)
g o p n n R R

The boundary conditions, which force the tangential components of

electric field and the components of stress to be zero at the waveguide

walls, ensure that there is no nett power flow across Sw. Hence

equation (6.332) becomes, with reference to Figure 6.1,

-/ (E xH¥+E¥xH -T.v*-T¥ v).kds
m n n m m

S N R R R JRL n m’ o~
1 (6.333)
+/ (E xH*¥+E* xH T .v*¥ -T*% v )kdS =0
S Nm Nn 'il Nm ~m Nl’l A}’l ~m~
2 ~ =

where the sign of the integral over Sl arises from the fact that the
outward normal on this surface is -k.

For the mth forward (+x) propagating normal mode the fields,
-i B x
(Em, Hm’ Tm’ vm), have a spatial dependence of e - It is clear,

~

from an examination of equation (6.333), that the integral over S1

depends only on X and the integral over 32 depends only on X, Since

1’

Xy and x, can be chosen arbitrarily, it is necessary for each surface
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integral to be identically zero, except when IBm = Pn*’ in which case
the integrals are independent of Xy and x, and cancel on substraction.

Thus for propagating normal modes, (i.e. f3 real),

/ (E xH¥ +E¥ xH -T.v*¥ -T* v)kds=0
m n n m n m

m n
S ~ ~ i~ ~ [~ ~ ~ o~
0
/Bm # /Bn_ (6.334)
S0 being an arbitrary waveguide cross-section. The above reciationship
accomodates the situation in which /6 = —IB ; i.e. m and n are the
m n

same, but oppositely travelling, modes. When lﬁm = ‘Bn, m and n are

the same waveguide mode travelling in the seme direction and

/ (E xH ¥+EBE*¥ xH -T .v* -T ¥ v ).k dS = 4P
S n n m m n n m o
0

— ~ ~ ~ I ~ ~ ~

/Bm = IBn (6.335)

where

P = % Real Part / (B xH¥-T¥% v )xds (6.336)
S n n n n ~
0

~ ~~ ~ Lo d

Providing that all field variables are peak values, P can be interpreted
as the total power carried along the waveguide axis by normal mode n
(103), (106), (116).

Combining the results of equations (6.334) and (6.335) yields the
desired orthogonality condition;

f (E xH¥ + E¥ xH -T .v*¥ -T% v ).k dS
S m ~n n m m n n m o~
0

~ ~ r~ o i~ ~ o~

O fu# Py
P Pu= Pa

Other workers (72), (106), (108) have derived this, or an almost identi-

(6.337)

cal, orthogonality relation for the normal modes of an electroacoustic

waveguide. Equation (6.337) expresses the mode orthogonality condition
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in the precise manner required in section 6.4 to deduce the amplitude

of a normal mode excited by a known distribution of sources.

6.34 Derivation of a Simplified Orthogonality Condition.

Although the relationships to be derived under this heading are
not needed in the main analysis, they are essential to an understanding
of the overall application of microwave analytical methods to studies
of electroacoustic interaction systems. They are ;ital, as well, to
the secondary aim of this chapter, namely to relate the results obtained
in this present treatment to those of other researchers in this field.
The procedure is to employ the techniques developed by Collin (103)
in the purely electromagnetic situation to simplify the orthogonality
equation (6.337). Through the notation introduced in section 6.1,
the fields of forward propagating normal piezoelectric waveguide mode

m can be expanded into transverse and longitudinal components:-
_jﬁx

E = (e + e e o
m t X
= . m om
._j’B X
H = ( + h e =
m t X
~ ~ m ~m
-iP x (6.341)
k. T = (t + Ye M
~ m t x
~ ~m ~ m
3B x
Vo S (Vt + v ) e
~ ~m ~m

A corresponding expansion exists for the nth forward propagating mode.

Substitution of the expanded field forms for both modes m and n shows

that
* ¥ _ * x
,é [(et x ht + e, x ht ).E tt . vt tx ) vx
0 ~ T ~n ~n ~m ~Mm  ~n ~M  .n
¥ %* =
£ N ov -t F v ] as=0 B # B (6.342)
~Nn ~m ~n ~m

= 4P /3m=/6n
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Thi§ reduced expressionlresults from the fact that all other vector
product terms in components of E and H are normal to k, thus vanishing
on formation of the scalar product, while all other mixed products of
the transverse and longitudinal components of g and y must be zero.

An equally vaiid substitution into the orthogonality equation
(6.337) is a forward (+x) travelling normal mode m,.whose field expan-
sion is provided once again by equation (6.341), and a reverse (-x)

travelling normal mode n, whose field expansion is

i P x
E = (e - e )e
n t X
~ ~'n ~ N
j,an (6.343)
H = (-h + h Je
n t
iBx
k. T = (-t + 1t e
~ n t X
I~ ~n ~n
i Bx
n
v = (v - v J)e
n ok
n ~"n

A comparison of equations (6.341) and (6.343) reveals that the trans-
verse components of acoustic stress and magnetic field, and the longi-
tudinal components of acoustic velocity and electric field change sign
when the direction of propagation is reversed (103), (114). That these
pﬁase relationships pertain for plane volume (longitudinal and shear)
and surface acoustic waves, at least in isotropic media, has been
verified (112). Inserting the field expansions of equation (6.341)

for mode m, and of equation (6.343) for mode n, into the orthogonality

relation (6.337) provides
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. * * * ”
- + = . + .
Ag [( e, X ht e, X ht ).5 tt v, t v

~ m n ~n ~m ~ MM ~n rEKm
0 ‘ n
PR t ¥ as = 0 # (6.344)
e Ve T v = ﬂlﬁ% i
~n ~m An  ~m

Note that because modes m and n are now propagating in opposite direc-
tions, the situation wherein ﬁm = Pn cannot be con§idered in relation
to the above integral.

Subtracting the integrands of equations (6.342) and (6.344) leads
to the simpler orthogonality condition

v

S

[(e xh ¥ x-t F.v, -t .v*]ds=o
0

t t t t by
/Bm A B (6.345)

X
~ m ~n ~ 1N ~m ~m ~T
for the normal modes of a piezoelectric waveguide. Omitting purely

acoustic terms, equation (6.345) becomes

* _
/S (e, xh ")kdS=0 /Bm;é /Bn (6.346)

0

which is the usual relation expressing the orthogonality of the power
carried by two non-degenerate normal propagating modes of an electro-
magnetic waveguide (103). Considering only the acoustic field terms

the same equation shows that

* * —
/s (-t, ¥ov, -t .v TS =0 ,Bm # ,Bn (6.347)

~n ~'m ~m ~n
0

which is the orthogonality relation quoted, without proof, by Oliner

et al. (114). But equation (6.347) is not a corresponding statement
of power orthogonality for two non-degenerate acoustic modes; however,
by invoking an assumption of elastic isotropy, this expression can be

processed further to produce such a result. Bertoni (111) proves the
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power’ orthogonality of sufface acoustic waves directly from the original
orthogonality condition (6.337).

A final comment relates to the construction of equivalent circuits
for N-port electroacoustic interaction systems (112), (113). The
field expansions of equations (6.341) and (6.343) for forward and
reverse propagating modes would seem to suggest a formulation in which
voltage represents electric field, at an electromagnetic port, and
velocity at an acoustic port. For this convention, an impedance
interpretation (112), (113) of the reciprocity integrals determines an
expression of the form

zij = -zji (6.348)
The more common reciprocity relation

Zij = Zji (6.349)
results from a choice of equivalent voltage to represent stress at an

acoustic port and, as usual, electric field at an electromagnetic port.

6.4 An Expression for the Amplitude of a Normal Piezoeclectric Waveguide

Mode Excited by a Known Source Distribution.

This section exploits the reciprocity relation, equation (6.201),
and the orthogonality condition, equation (6.337), to determine an
expression for the amplitude of the nth normal piezoelectric waveguide
mode launched by a known distribution of current and body force density
sources.

6.41 A Uniform Piezoelectric Waveguide Containing Sources.

The propagation structure under consideration is once again the
uniform piezoelectric waveguide illustrated in Figure 6.1. Details of

the normal propagation modes of this guide, in the absence of any sources,
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are assumed known. Suppose now that sources of electroacoustic fields,
in the form of an electric current density, J, and an acoustic body
force density, F, are introduced into a limited region of the waveguide,
as sketched in Figure 6.2. The problem is to calculate expressions

for the resulting fields, at least for those sections of the waveguide
sufficiently far from the sources for the fields to be expanded as a
linear superposition of normal propagating modes. One important
concept in this derivation is drawn from electromagnetic theory (103)
and provides that in the vicinity of reference planes 1 and 2 a complete
solution for the fields of the perturbed waveguide can be obtained as

an infinite sum of propagating and non-propagating normal modes.

If careful attention is paid to the location of the reference
planes and to the methods of waveguide termination, this analytical
process can be simplified considerably. Outwardly exponentially
growing modes can be rejected from the solution on the basis that the
guide terminations cannot produce suitable sources to sustain them.
Placing the reference planes at a sufficiently large distarce from the
sources ensures that the amplitudes of outwardly exponentially decaying
modes are negligible. Furthermore the inwardly propagating modes,
shown dotted in Figure 6.2, can be eliminated on the assumption that
the waveguide is so terminated as to allow no reflection for any of
the outwardly propagating modes. Thus at reference planes 1 and 2
only outwardly propagating normal modes remain; representative members

- + + +

- - - +
are labelled as (E, , H, ,T. , v, Dand (E, ,H. , T. , v. ) in
~1l ~1 ~L ~1 ~L ~1 ~l ~1

~

Figure 6.2. Explicitly calculable expressions for the amplitudes, Ci—
+
and Ci , of these modes are sought in the following section.

6.42 Derivation of the Coupled Normal Mode Amplitude.
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,Once more the derivation stems from the complex reciprocity relation

of equation (6.201). Field solution "i'" is that excited by a known

distribution of sources, Ji, of current density, and Fi’ of acoustic

~ ~

body force density. On the other hand field solution "j" is chosen

to be-a specific waveguide normal mode — in particular, the nth
] + + + + ]
forward propagating mode, (En , Hn , Tn » v ), where the superscript
~ ~ =3 ~
+ denotes a wave travelling in the +x direction. This means that
J. = F, = 0 (6.421)

and the reciprocity relation simplifies to

1 n

~ ~ ~ ~ s ~ ~

» +% ¥ +
55 E. xH v ™ xu -1 v o™ vo)as
S i n n i n AT

1

~ ~

¥*
=/ (- **¥T 5. 4 vn+ L F)dv  (6.422)
v ~

As noted in section 6.33, the perfectly-conducting, stress-free bound-
aries allow no contribution to the surface integral from the waveguide

walls, so that equation (6.422) can be re-expressed as

* e 4%
/ (B. xH " + E xH -T..v ' * 1% v.).x ds
i n n i i" n n il
S ~ ~ ~ ~ ~ ~ ~ od
2
+ % ¥ + % +¥
- // (E. xH + E xH, -T,.. v - T . v.).k ds
i n n i i 'n n i
S e oy ~ ~ [~ ~ s
1
+ + ¥
= // (-E *tr. J. + v T. E.)dv (6.423)
v n i n A

Section 6.41 details the method whereby the fields radiated Ly
sources Ji and Fi can be expanded as an infinite sum of outwardly
propagating modes; i.e. of reverse (-x) travelling modes in the region

to the left of Sl’ as shown in Figure 6.2, and of forward (+x) travelling

modes in the region to the right of Sz. Hence



100.

o0
E. = Z: C * E +
A m=lL m m
& + +
H, = C H
A m= m m
o .. x> x, (6.424)
T, = 2. ¢t
i m=1 m m
~ t=7
v = C * v *
A m= m m
and i)
E =Z cC E
LA m=-1 m m
-— 00
H = c H
g m=-1 m _m
o X < x1 (6.425)
B = cC T
i m=-1 m m
~ =~

<
]

1
[T
Q

1
<
1

i m=-1 m m
Here positive mode numbers are assigned to modes propagating across

82 in the +x direction, and negative mode numbers to modes propagating

across S1 in the negative x direction. Substitution of these normal

mode expansions into equation (6.423) determines that

oo
+ + + % + ¥ + + + ¥ +¥ 4+
ch (E xH + E xH -T .v - T .v_ ).k dS
m= m m n n m m n n - - m ‘~
S ~ =~
2
— 00
- = + ¥ o+ # - - + % +% -
- E:: C (E x H + E x H -T ., v - T .v_ ).k dS
S m=-1 "m m n n m Ry n n - m "~
1 P

~ ~ -~ ~

+ ¥ + ¥
- / EY¥T g v v T R av (6.426)
n i n i
v ~ - ~ ~
The normal mode orthogonality condition, equation (6.337), can be
applied to this relationship to show that all contributions to the

integral over S, are zero, and that the only non-zero contribution to

1
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the integral over 52 occurs when m and n are the same mode. THhur,

from equation (6.426), emerges the following expression for the ampli-

+
tude, Cn , of the nth forward propagating waveguide mode;

+ _ 1 +%T + % T
Cn = 4P ( En . Ji + LN . Fi)dv (6.427)

v ~ ~ ~ o

where P is, as defined by equation (6.336), the total power carried by
forward travelling mode n, and all field quantities are peak values.
By choosing mode n to be the field of the reverse propagating normal
mode and repeating the foregoing analytical procedures, the amplitude,

th

Cn—’ of the n~ (-x) travelling waveguide mode is determined to be

cn'" E %ﬁ (—En'*T. J.o+ vn'*T. F.)dv (6.428)
v & s =

Equations (6.427) and (6.428) are the required expressions for the
amplitudes of normal piezoelectric waveguide modes launched by a known
distribution qf sources, Ji and Fi' Similar, and closely related,
formulations of the same results have been published by Auld and Kino
(72), (106), (108) and , for the specific case of piezoelectric surface
waves, by Bertoni (111). But the treatment presented above leads to
results which, as will be discovered in Chapter VII, can be applied

more directly to an analysis of the microsonic crossbar coupler (112),

(113).
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CHAPTER VII
THE APPLICATION OF MICROWAVE METHODS TO AN ANALYSIS
OF THE SURFACE ACOUSTIC WAVE CROSSBAR COUPLER.

7.0 Introduction.

In this and tﬁe following chapter, the analytical techniques
described previously in the context of an electroacoustic waveguide
are re-examined and modified to permit their application to studies of
propagation and interaction on a surface. This prepares the way for
a theoretical investigation of the surface wave crossbar directional
coupler, which culminates in the analytical predictions of device
performance contained in Chapter IX.

Figure 7.1 illustrates the general surface coupling configuration
upon which attention is currently focussed. A launching transducer,
Tp’ radiates an essentially uniform-width surface acoustic wave towards
a perturbed area of the substrate surface. At this stage the inter-
action is not restricted to one due to periodic mass-loading of the
propagation surface; this constraint is introduced in the next chapter,
when the investigation is oriented more specifically towards analysis
of the crossbar coupler. The shaded region of Figure 7.1 represents
some general non-uniformity on the free surface, (perhaps due to surface
roughness, material overlays, or other changes in the surface properties
of the substrate), which causes scattering of an incident surface wave.
Because, as is discussed in more detail in Chapter VIII, the calcula-
tions rest upon a first order perturbation treatment, the interaction
region is assumed to have only a small effect upon a propagating surface
wave. Hence most of the acoustic energy launched by transducer Tp is

transmitted directly to the receiving transducer, Tq’ but some is

’
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scattered in all other directions. The question which the rest of
this chapter seeks to answer is, "How much energy is scattered at a
general angle &, and is detected by transducer Tr?"

Chapter V describes the fabrication of the experimental crossbar
couplers on an AT cut quartz crystal. This substrate material is only
weakly piezoelectric and for present purposes can be replaced, in the
analysis, by a non-piezoelectric medium possessing the same elastic
properties. Thus in this investigation of surface scattering E and H
fields are omitted and only the acoustic fields, g and v are retained.
Both the practical and analytical results presented in section 10.3
support the validity and accuracy of this simplification.

Although the configuration of Figure 7.1 leads to the coupling of
propagating modes on an interaction surface, a calculation by scattering
to a set of normal modes is still possible. But the absence of a
uniform cross-section waveguide allows the normal mode system on the
surface to assume a different structure from the discrete normal mode
set encountered previously. The first important task to be under-
taken, therefore, is to separately establish the mode orthogonality
conditions relevant to the surface situation. This step is made
mathematically more tractable by the introduction of artificial periodic
boundary conditions (112), (113). Once the desired mode orthogonality
relation has been obtained, a calculation of the amplitudes of the
normal modes scattered by the surface perturbation proceeds by a method
completely parallel to that used in Chapter VI.

Clearly the determination of the amplitudes of artificial normal
modes is not of practical interest. Quantities actually recorded in

experiments are the ratios of the signal amplitudes launched at a trans-



105.

mitting transducer and detected at each receiving transducer. The
second significant task is to show how the very many normal modes of
surface propagation relate to the transducer input and output. This
prob;em is facilitated by incorporating a scattering matrix notation
into the analysis; in so doing a convenient description of transducer
properties and, in particular, of the relationships between their
terminal voltages and the (artificial) normal mode fields which they

excite, is provided,

The Normal Modes of an Acoustic Propagation Surface.

On the free surface a continuum of normal modes, propagating in
all directions, displaces the discrete normal mode set of a uniform
waveguide.

7.11 Periodic Boundary Conditions.

An artificial assumption, common in quantum mechanical contexts
(117), (118), of periodic boundary conditions is necessary to introduce
the concept, essential to this style of analysis, of discrete normal
modes. Specifically this assumption is that the entire system of

substrate, transducers and scattering region has, as depicted in Figure

7.2, spatial periodicity of large periodic distance, L, in two dimensions.

Two useful effects result from this procedure. Firstly the normal
modes on the surface are forced to have wave vector components, in the
plane of the free surface and resolved parallel to the periodic
boundaries, which are integral multiples of 27f/L (117), (118). This
ensures that the normal modes form a discrete set and that an orthogon-
ality relation between‘different modes can be derived in terms of a
perimeter integral. Secondly the finite nature of this perimeter

integral promises that the normal mode amplitudes can be properly
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Figure 7.2
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normaiised if so desired. Although the introduction of periodic
boundary conditions is a clear departure from the experimental device,
it will be observed that the distance L cancels from all subsequent
evaluations of quantities of interest. For such quantities it is
asserted that this artificial procedure nevertheless affords a
sufficiently accurate description of the experiment.'

Transducer Scattering Matrix Notation.

To determine the way in which the very many possible surface
normal modes couple to the transducer input and output, the viewpoint
of Figure 7.3 is adopted. For simplicity the output transducer is
assumed to be a lossless, unidirectional IDT (71), (119) - (121) and
the periodic boundaries are SO oriented that the normal modes of the
periodic boundary condition can be classified half as input modes to,
and half as output modes from, that transducer. This introduces the
multi-port representation of a transducer shown in Figure 7.4. The
behaviour of such a component can be characterised by the scattering

matrix S, where

K Y - e~~~ 7]
?00- ‘ 0j Son
i -

S = S . s

& =30 Tl
' \\\\\
LS—nO 'S—nu

Here the input transducer modes, which from Figure 7.3 can be seen to
have positive wave vector components, ﬁ&, along the x coordinate axis,
are assigned positive mode numbers, J. The output modes, which have
negative x wave vector components, are ordered in the same fashion, but

are assigned negative mode numbers, -3. There is, of course, a one-
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Multi-port representation of a unidirectional surface

acoustic wave IDT.
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to-ope correspondence between each input mode, i, and the companion
output mode, -i, which is obtained‘by reversing the wave vector of the
input mode. In this scattering matrix formulation the index zero
refers, as indicated in Figure 7.4, to the electrical port, wherein
both input and output acoustic modes exist.

It is convenient, in equivalent circuit repgesentations of the
surface acoustic wave IDT, to normalise all the equivalent voltages
and currents in the ports so that the power carried by each mode is
k |Cn| & where Cn is the amplitude of the nth normal mode, and k is a
constant applying to all modes. By this normalisation process the
equivalent characteristic impedances at each port are set equal to
unity, so that the transducer scattering matrix exhibits the usual
symmetry,

S_i0 - Soi

about the principal diagonal. The orthogonality relation developed in
the following section preserves the consistency of characteristic
impedance between the acoustic ports, and a suitable selection of

scale for the impedance of the electrical port makes certain that the
power normalisation is maintained.

Derivation of an Orthogonality Relation for the Surface Normal Modes.

As in the electroacoustic waveguide analysis, the derivation of
an orthogonality relation proceeds from the complex reciprocity relation,
equation (6.201), in which field solutions "i' and "j" are replaced by

normal (source-free) surface modes m and n; i.e.,

525 (-1 _. vn"’ = Tn*. v).dS = 0 (7.301)
S cs

o~ & ~

Figure 7.3 shows that the surface of integration consists of the surface
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which comprises four cross-sectional planes directed into the

SO’ A
material apd passing through the periodic boundary perimeter, (normal
to the substrate surface), together with closing surfaces formed by
the propagation surface and a parallel plane deep in the material.

The stress-free nature of the propagation surface means that this
does not contribute to the integral of equation (7.301). Similarly
because the propagating modes, in this situation, are surface waves
the integral over the parallel closing surface can be made zero by

choosing a plane at a sufficient depth, Thus the above relationship

reduces to

/ (T .v¥- 1% v)ds = o (7.302)
S n m ~

~ ~
~

But this expression, as it stands, cannot be used as the basis of an
orthogonality relation, since the right hand side states that the
surface integral is always zero, for all mode combinations. In common
with the electroacoustic waveguide study, an integral is sought over
the partial perimeter surfaces Sl and Sz, as defined in Figure 7.3,
such that the result is zero for different modes, but is non-zero when
the fields are derived from the same mode.

The integral to be examined is

m n 1

~ ~

/ (-T . v ¥ - Tn’“. v_).ds (7.303)
S ~

Altogether three separate combinations of wave vector pairs for modes
m and n must be dealt with; these are treated as individual cases below.
Case 1: Modes m and n are the same mode, propagating
in the same direction. (i.e. m=n and /3m= /Bn)'

When modes m and n are identically the same mode, the integrand
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of the expression (7.303) has no nett spatial variation, which
leads to the result that
+
/ (T .v¥ - ¥ vHras, = Zap (7.304)
S m n n n 1

o~

=4 [~
1 ~ m=n

where the positive sign is chosen for waves propagating with a
positive x wave vector component. Here, as‘in the electro-
acoustic waveguide analysis, P can be interpreted as the total
acoustic power carried normal to S1 by a unit amplitude, (Cn=l),
nth normal surface mode provided that the stress fields, E,

and velocity fields, v, are peak value quantities.

Case 2: Modes m and n differ in both wave vector
components, (resolved parallel to the periodic
boundaries), by non-zero multiples of 21r/L.

Observe, from Figure 7.3, that the integral over surface S1
can be split into two separate contributions, namely those over

planes Sa and S which pass through adjacent sides of the

b’
periodicity square. Because both components of the wave vectors
of modes m and n differ by non-zero multiples of 2T /L, the
structure of the integrand of expression (7.303) forces the
integrals over Sa and Sb to each be zero. Hence, for the
conditions of case 2, which includes the possibility that modes

m and n may be the same, but oppositely propagating, normal

surface mode,

f (=T . v*¥ - 1% v)yds, = 0 (7.305)
S Jon R m° T ~1

1 m#n
Case 3: Modes m and n differ in only one wave vector

component, (resolved parallel to the periodic



113.

boundaries), by a non-zero multiple of 217/L.
.Restricting consideration to surface acoustic waves travelling on
isotropiE materials, this case cén arise only in the circumstances
described by Figure 7.5. One pair of wave vector components, namely
those that differ by n27/L, (n # 0), are of equal magnitude, but are
oppositely directed. On the plane parallel to these components,

designated S, _, the structure of the integrand of (7.303) is sufficient

b’
to guarantee that the contribution to the integral over S1 from Sb is
zero. Elastic isotropy requires that lﬁ%l = Ipnl’ so that the other
wave vector component pair, resolved parallel to Sa’ must be of equal
magnitude and similarly directed. Therefore the integrand of expres-
sion (7.303) displays no nett spatial variation on the surface Sa and
must be examined carefully in order to derive the necessary orthogon-
ality relation. The detailed analysis of Appendix IIl furnishes the
desired result that the integral over Sa is also zero, which completes
the proof that

]gl (—Zm.tp* - %f%' Ym).q§l = 0 m#n (7.306)
for this final mode wave vector combination.

The surface normal mode orthogonality relation, obtained by combining

the studies of cases 1, 2 and 3 above, is;

11

jg (-Tm.vn* - Tn*. vm).dsl Y4 nm=n (7.307)
1 &= ~ 0 m#£n

~

I

where, as has been noted already, the positive sign is chosen for trans-
ducer input modes. A further relationship, involving an integral over

S2 (refer Figure 7.3) may be deduced from equation (7.302), which expresses
the fact that the integral over the total perimeter surface of the

periodic boundary is zero, and equation (7.307). This second result is
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/
N

Figure 7.5

Wave vectors of normal surface modes in orthogonality derivations.
Case 3: Modes m and n differ in only one wave vector component
by a non-zero multiple of 2TI/L

(Isotropic medium assumed).
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T4 men (7.308)

N
1
"BH
<
® %
1
=
%
<
2
o’
87
X
1

2 = 0 nm#n
where now the positive sign applies to transducer output modes.
A comparison of equations (6.337) and (7.307) shows the similar
form taken by the normal mode orthogonality conditions in both an
electroacoustic waveguide and an acoustic surface situation,

An Expression for the Amplitude of a Normal Surface Mode Excited

by a Known Source Distribution.

In keeping with the corresponding segment of the waveguide analysis,

section 6.4, this calculation starts from the complex reciprocity

relation, equation (6.201), in which fields Ti and v, are those excited

~ ~

by the acoustic body force density source, Pi, and field solution "j"

is replaced by normal mode n (n positive or negative).

Hence equation (6.201) may be written as

~ ~

*
56 (-T,: v * = T* v.).dS = J[ (v T. F.)dv (7.401)
S i v n *

where v is the volume enclosed by surface S, as defined in Figure 7.3,
and the source, Pi, is contained within this volume of the substrate.
The argument developed in the preceding section allows no contribution

to the surface integral of equation (7.401) from either the upper or

lower closing surface, so that this relationship becomes

J[ (-T..v¥ - 1T ¥ v.).as
A n i’

~~ L =~ i

/(V*T. Fydv  (7.402)
- n 1

~ ~

in which S0 is, as established in Figure 7.3, the perimeter surface of
the periodic boundary.

Adhering to the analytical approach used in the electroacoustic

waveguide study, and reintroduced in the derivation of the surface
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normagl mode orthogonality relation, the integral over S0 may be
separated into integrals over the ;egions S1 and S2 (refer Figure 7.3).
Recall, too, from section 6.42, that it is necessary to adopt separate
expansions for the excited fields, in terms of normal mode amplitude

coefficients, on these two surfaces. Thus put

00
T. = C T
i m m
= m=1 &~
oo on Sl (7.403)
V1 - 2: Cm vm
o m=1 ~
and
00
T = C T
~t m=-1 ma
—o0 on S (7.404)

wherein the spatial variation, with respect to x and z, of the normal
. th1'£
mode n is as e i
Continuing the now well-known procedure (103), (112), (113), an
expression for the coupled normal mode amplitude coefficients can be
obtained by substituting from equations (7.403) and (7.404) into the
integral relation (7.402), and by using the orthogonality conditions

(7.307) and (7.308) to simplify the integrands. The result, which is

true for both positive and negative mode numbers, is

1
c =41»[ v *T . Fyav (7.405)
n v n 1

Here P retains the interpretation established in relation to equation
(7.304).
A comparison of equations (6.427) and (7.405) emphasises the

similarities between the coupled mode amplitude expressions in the
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acoustic waveguide and surface interaction contexts.
*

Determination of the Output from the Detection Transducer.

To show how the very many normal surface modes, scattered from an
interaction region, relate to the signal output in the electrical port
of a detection transducer, the scattering matrix formalism introduced

in section 7.2 is employed. Through this approach the output signal,

Cout’ from the transducer can be determined to be
o0
Cout = i_ Cn SOn (7.501)
n=1
the sum being over all input modes to the transducer. Expressions
for the amplitudes (Cn’ n=1,2,... % ) of the coupled normal modes

are aveilable from equation (7.405), so that

n

oo
1 *T
. S . F. 5
Cout 4p v {;;;. On (Yp E;;} dv (15025
In order to proceed further advantage is taken of the property of
forward and reverse propagating surface acoustic waves, of mode numbers

n and -n, respectively, (and of the same frequency), namely that

=k 5 (7.503)
n -n

When the wave motion is in isotropic media, this result is evident from
the very nature of the Rayleigh wave particle displacements:- 2 dimen-
sional, confined to the sagittal plane and describing a retrograde
ellipse at the free surface, as detailed in section 3.15. If the
substrate is anisotropic, the same velocity field relation obtains,

but the proof is more difficult. Because an iterative computerised
calculation is required to analyse anisotropic surface acoustic wave
propagation (67), (78), (79), (refer sections 3.25, 3.35) it is conven-

ient to allow the machine to verify the above relationship. Appendix I
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provides a specific example of the surface wave displacement coefficients
and decay ponstants for forward and reverse travelling waves in an
anisotropic material; from these results it is clear that equation
(7.503) is still valid.

This enables the expression (7.502) to be modified to show that

oQ
1 T )
Cout s 2= | [(gg; S_nO Y:n ).5;1 dv (7.504)

where the symmetry property of the scattering matrix has been utilized
also. It is now possible to interpret the inner-bracketed term of
equation (7.504) as the actual velocity field of a unit amplitude,
(Cn = 1), acoustic wave radiated towards the scattering region by a
power P signal applied to the detection transducer. In view of the
experimental device design described in section 5.1, in which all
transducers operate in the near field region, it is reasonable to assume,
in the present approximation, that an IDT of aperture W launches,
towards the scattering region, a uniform, but limited-width, surface
acoustic wave. Hence the field amplitudes within the square brackets
can be evaluated so as to ensure that power P is carried.

Because interest centres on calculating the fraction of the
incident energy scattered in a particular direction, the further assump-
tion, namely that the perturbed area of the substrate surface is illumin-
ated by another limited-width surface wave signal of power P, is appro-
priate. This determines clearly defined amplitudes for the body force
densities, Pi, induced by the incident wave interacting with the surface

~

perturbation. The properties of the symmetric scattering matrix

2
l

?

establish that the output power at the detection transducer is PlCout

so that the ratio of output to incident power is
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0 [j[ v . F. dN} 2///16P2
- 8 i

where v is the velocity field of the power P signal launched from the

-~

detection transducer towards the scattering region, and Fi is the body
force density created at the scattering region by an incident wave of
power P,

Now this result can be related to the general éurface scattering
situation illustrated in Figure 7.1. The ratio of the output signal

amplitude (measured at transducer Tr) to the input signal amplitude

(applied to transducer Tp) is

Incident Amplitude 4P p

~ ~

Scattered Amplitude  _ 1 [jf var b dv} (7.505)

Here v, is the velocity field of the uniform, but limited-width surface
wave which propagates from the receiving transducer, Tr’ towards the
scattering region, a power P, Fp is the acoustic body force density
created by the interaction of an identical surface wave, launched from
transducer Tp’ with the perturbed area of the propagation surface. In

applying the formula of equation (7.505) it is important to note that

the phasors v and F arec the usual peak value quantities.

~
~

Equation (7.505) forms the basis for the theoretical predictions
of surface acoustic wave crossbar coupler performance presented in

Chapters IX and X.
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CHAPTER VIII

.

THE CALCULATION OF SOURCE DISTRIBUTIONS BY PERTURBATION THEORY.

Introduction.

Chapters VI and VII have described techniques for calculating the
amplitudes of normal modes excited by a known distribution of sources,
for interactions in an electroacoustic waveguide and on an acoustic
propagation surface. Two pre-requisites for this undertaking are a
description of the normal (source-free) propagating modes of the system
and the availability of an explicitly calculable expression for the
source distributions. This chapter outlines a general method for
calculating the source distributions using a perturbation theory. The
method is of widespread applicability and is, in fact, the only approach
to a solution in a large number of wide-ranging problems. Brief dis-
cussions are presented in relation to both an electromagnetic and an
acoustic propagation structure. A specific example, formulated in the
latter context, examines the coupling interaction from two distinct view-
points; these lead to two different, but equally viable, interpretations
of the perturbation expressions., The detailed calculations of Chapter
IX further amplify the acoustic applications.

Notation for Field Quantities.

In order to obtain the most general results, the notation normally
reserved for descriptions of linear relations in vector spaces in
expositions of the quantum theory (117) is introduced. The electric,
magnetic, acoustic stress and acoustic velocity fields are regarded
as field quantities; the values of all of these at all points of the
system under study form the field vector 1X> . Similarly, the sources

of electromagnetic and acoustic fields, i.e. the current density and the
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mech?nical body force density, at all points, are combined into the
single multi-dimensional vector 12> . The linearity of the field
equations allows the assertion tha£ the source vector is derivable from
the field vector through a relationship of the form

1Z> = B IX> (8.101)
where B is a linear operator depending in detail upon the boundaries of
the system and upon the properties of the medium at all points of space.

The Perturbation Expansion.

The immediate aim is to derive relations, which are correct to
first order, between the new fields and sourcés which are created when
the boundaries or the material properties are subject to some small
perturbation. An unperturbed operator, BO’ perturbing operator, Bl’
and perturbed operator, B, can be defined such that

B = By + A B, (8.201)

and the perturbation is small when A tends to zero. Following the

usual perturbation theory approach (117), it is assumed that both the

perturbed field, |[X> , and the perturbed source, 1Z> , can be expressed
as a power series in A ; viz,
0 =1x) F XD+ N IX) 4 men (8.202)
2> =lzp + Nz) o+ X 1z + -ev (8.203)

Here |Xd> and IZO> are the unperturbed fields and sources, while
IXf and |Zf are the first order perturbation corrections. These
expansions can be substituted into equation (8.101) to show, after the

collection of like powers in A, that

1z =B |X) (8.204)
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Mzp = B, IXp By Al (8.205)
Term a Term b
Equation (8.205) is the desired expression for the additional sources

introduced by perturbing the propagation structure.

Derivation and Interpretation of Expressions for the Sources in terms

of the Perturbation Expansion.

The interpretation of equation (8.205), ana its application to the
search for explicitly calculable expressions for the sources of a
perturbed system are illustrated now in both an electromagnetic and an
acoustic context.

8.31 Sources in a Perturbed Electromagnetic Propagation Structure.

A suitable example is afforded by the electromagnetic waveguide
into the cross-section of which is placed a rod of conductivity, o .
Sources of electromagnetic fields are the conduction current density,
J, and the charge density, q. For a.c. fields the time-varying com-
ponent of charge density is not independent of J, but the two quantities
are related through the continuity equation

v .J + (dqg/>»t) = 0 (8.311)

Currents flowing in the conducting rod provide additional sources, the
distribution of which is described by equation (8.205), for the excita-
tion of electromagnetic fields. A more detailed examination of equa-
tion (8.205) is needed to determine the meaning of each of the terms a
and b on the right hand side, how they can be evaluated, and which of
them contribute to the coupling integrals by which one calculates the
amplitudes of the normal modes excited.

Term a is the result of the perturbation, %Bl, acting upon the

unperturbed field, IXd> . These two quantities are known — indeed
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they, are assumed known in the statement of the problem — so this term
can be calculated readily. In the present example of a perturbed

electromagnetic waveguide

=
2B, X0 |Eo) (8.312)
where |E) is the unperturbed electric field-vector. Term b arises

0

from the action of the unperturbed operator, BO’ upon the perturbation
component, )le) , of the field. This latter component is, in general,

unknown, so that the term B N |X1> cannot be calculated simply. But

0
fortunately it usually makes no contribution to the coupling integral,
as described by equations (6.427) and (7.405), for any normal mode.
The vanishing of this term in the case of a conducting rod located
within an electromagnetic waveguide can be demonstrated easily; the
only source currents which can flow under the unperturbed operator, BO’
are confined to the waveguide walls where the normal mode electric
fields are zero.

The preceding discussion indicates that the success of the pertur-
bation treatment in the present context rests upon the fact that, of
the two source terms on the right hand side of equation (8.205), the
first provides coupling to the normal modes and is explicitly calculable,
while the second, although not explicitly calculable, is uncoupled from

the normal modes.

8.32 Sources on a Perturbed Acoustic Propagation Surface.

In the acoustic context attention is focussed upon the interaction
which is of primary interest in the study of the microsonic crossbar
coupler. Coupling between an incident and an emergent surface wave is
provided by the addition, to the propagation surface, of a region of

uniform periodic mass-loading. Depending upon the precise manner in
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which the surface perturbation is introduced into the analytical model,

*

two different interpretations of equation (8.205) are possible. These

two separate viewpoints, and the interpretations to which they lead,

are discussed as cases 1 and 2 below. In both instances the sources

of acoustic fields are defined to be those force densities which can-

not be expressed as the mass acceleration product of the unperturbed

medium, or alternatively, from equation (3.213), as the divergence of

the unperturbed stress tensor.

Case 1. One convenient model, illustrated in Figure 8.1(a), takes

account of the periodic mass-loading by incorporating

atoms of a slightly greater mass than those of the substrate
material into regions of the stress-free propagation surface
in a manner which correctly represents the spatial period-
icity of the deposited overlay in the actual device.

Using this model, and the above definition of acoustic
sources, it is obvious that no additional sources are
created by the mass-loading; indeed none are present in

the problem. The perturbation equation (8.205) therefore
becomes

0 = AB IXO> + B0>\|Xl> (8.321)

Although, as in the electromagnetic example, term a is
explicitly calculable and term b is not, equation (8.321)
can be rearranged as

)Ize> = —B0>\ |x1> (8.322)

where AlZ) = AB. [x) (8.323)
e 1 0

in which form a suitable interpretation can be made.
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(b) Periodic surface mass-loading accounted for by

y
an external system of levers which applies an

appropriate periodic stress distribution to the

propagation surface.

Figure 8.1
Analytical models of the periodic surface mass-loading used

to interpret perturbation expressions for the sources.
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The right hand side of equation (8.322) results from
the action of the perturbed field upon the unperturbed
boundary. Thus equations (8.322) and (8.323) lead to the
conclusion that the perturbed fields launched by the
scattering mechanism can be considered as having been
excited by an actual source distribution, >\|Zé) , applied
to the unperturbed boundary. In this way the effect of
the surface perturbation can be replaced by that of an
equivalent source distribution, AlZe) , which acts on the
unperturbed system and which is explicitly calculable
through equation (8.323).

Figure 8.1 (b) shows an alternative analytical model in
which a system of external levers, the ends of which are
bonded to the substrate surface, creates, on that surface,
a stress pattern identical to that resulting from the

interaction of an incident surface wave and the periodic

T

mass-loading. The function Wya, cijkl’ x, z), (which is

a function not only of position on the xz propagation

surface, but also of the mass density, p , and the elastic

constants, C;jkl’ of the overlay) is used to describe the
spatial and material property dependences of the mass-
loading interaction, and hence also of the acoustic stress
pattern on the model surface.

An interpretation of the source equation (8.205), as it

applies in this situation, is now sought, Once again term

a is explicitly calculable, and can be written in the form
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. AB, Ixo) = W, ¢y

X, z) %% | v ) (8f324)

0
where IVO) is the unperturbed surface acoustic wave
velocity evaluated at the free surface, y = 0. Term b
must be zero because under the unperturbed operator, BO’
the propagation surface is stress-free for all fields;
thus

BOMXl) = 0 (8.325)

The utility of this treatment rests upon the fact that
of the two source terms on the right hand side of equation
(8.205) the first provides coupling to the normal modes,
and is explicitly caleculable, while the second, individual
components of which are unknown, makes no contribution to
the coupled fields.

Additional and Equivalent Source Distributions.

The studies of sections 8.31 and 8.32 illustrate the two different
situations in which changing the propagation conditions within a system
can be viewed either as an additional-source or as a source-free pertur-
bation. An important result, common to all three interpretations
discussed previously, is that the only source distribution, either
additional or equivalent, coupling to the normal modes through the
interaction integral is

>\lzl> = >\B1 X (8.401)

0)
It is clear, from the example in section 8.32, that the precise form of

the ABl depends upon the manner in which the perturbation is incorpor-

ated into the analytical model. Because the elements of >\Bl |X0>

are explicitly calculable, the above expression provides a result which
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can be used directly in equations (6.427), (7.405) and (7.505) to
determine the amplitudes of the normal modes excited by this source
distribution.

In section 9.2 the sources described by equation (8.401) are derived
in detail for the particular perturbation caused by the addition of
periodic mass-loading to a surface acoustic wave propagation surface.
Later sections of Chapter IX utilize these expressions for the sources
to calculate the amplitudes of the normal modes which they launch.

The viewpoint of section 8.32, case 2, is adopted in all of these sub-
sequent calculations. As is emphasised by equation (8.324), and as
will become apparent in section 9.2, this approach allows consideration
not only of the predominant effect due to the mass of the perturbing
layer, but also of the less significant effect due to the "elastic

stiffness" of the overlay material.
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CHAPTER IX

A DETERMINATION OF THE THEORETICAL PERFORMANCE OF THE SURFACE

ACOUSTIC WAVE CROSSBAR COUPLER.

9,0 Introduction.

By drawing directly upon the results of many of the preceding
chapters it is now possible to derive detailed and explicitly calcul-
able expressions for those parameters which allow a theoretical assess-
ment of the microsonic crossbar directional coupler. The ultimate
goals of the following analytical procedures are to obtain descriptions
of the strength and frequency dependence of the coupled and directivity
signals.

A Procedure for Analysis of Directional Coupler Performance.

Theoretical predictions of crossbar coupler behaviour rest upon
the general coupled amplitude ratio expression of equation (7.505).
The particular scattering situation to which this result is now to be
applied is depicted in the metal overlay patterns of Figure 5.1.
Essential features of the coupler, common to both styles A and B, are
illustrated in Figure 9.1. The device is, of course, reciprocal in
that a wave launched at transducer 1 is coupled to transducers 2 and 3,
but not to 4, while a signal applied to transducer 4 is coupled to
transducers 2 and 3, but not to 1, etc. To avoid confusion the con-
vention is adopted, throughout this chapter, that the input signal is
launched always from transducer 1; this means that the coupled wave is
detected at transducer 3, the transmitted signal at transducer 2, and

the unwanted directivity or back-scattered signal at transducer 4.

From equation (7.505) the coupled to incident surface wave amplitude

ratio is
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. cC = )[§3. Fl dv } / 4P (9.101)
and the directivity to incident surface wave amplitude ratio is
B
D = ’/rzﬂ' E} dv ] / 4P (9.102)

All of the field variables in these two expressions retain the meanings

established in section 7.5. Fl is the peak value of the body force

~

density produced by the interaction of an input surface acoustic wave,
of beam-width W and of power P radiated from transducer 1 towards the
scattering region, with the surface perturbation. The quantities Vg

~

and v, are the peak acoustic velocity fields of similar surface waves

~

launched, again towards the interaction area, from transducers 3 and 4,
respectively.

Further examination of the expressions for the coupled and direct-
ivity signal amplitude ratios is warranted. Significantly the general
description of the scattered to incident amplitude ratios, equation
(7.505), implies that some energy is scattered in all directions and at
all frequencies. The crossbar coupler design procedure of section 5.1
selects an orientation and a periodicity for the surface mass-loading
perturbation such that of the small amount of forward-launched surface
wave energy not transmitted directly from transducer 1 to transducer 2,
almost all is coupled to transducer 3. In theory, only surface wave
signals of very small amplitudes are radiated in all other directions,
the directivity signal detected at transducer 4 being a particular
example of these.

Detailed consideration is given, in the following section, to the
development of a procedure which facilitates calculations of the coupled

to incident signal amplitude ratio, using equation (9.101). The
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structures of equations (9.101) and (9.102), which at first sight seem
essentially identical, suggest that a corresponding calculation procedure
for the directivity signal amplitude ratio can be deduced; this is under-
taken in section 9.12, which also indicates the greater complexity of

the directivity signal analysis.

9.11 Coupled Signal Analysis Procedure.

For a fixed incident wave direction, the coupled wave amplitude
varies with output wave vector orientation in a manner which depends
upon three factors associated with the integral of equation (9.101).

The first of these is the term Vg Fl, which depends upon the directions

taken by the input and exit waves, and upon their angular separation, ¥.
A second factor arises from the properties of the integral itself.
The discussion of section 8.32 indicates, and the calculations of section
0.23 show in detail, that the acoustic body force density, Fl, can be
replaced, at least for the present surface mass—-loading interaction,
by an acoustic surface force density, Fl dy, acting on the unperturbed
propagation boundary, y = O. This allows the volume integral of equation
(9.101) to reduce to an integral over the area, A, of the scattering
region which is illuminated by both transducers 1 and 3. The term
[ v3. (Fl dy)] adds an ej E'S spatial dependence within the surface,
where N
E = /51 * /§3 + B, (9.111)
Here /31 is the wave vector of the input signal launched from
transducer 1,

%33 is the wave vector of the signal scattered towards trans-

ducer 3,
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: /3p is the wave vector of the surface perturbation,

and ; is a position vector in the plane of the surface.

It is clear, from Figure 5.2 and the accompanying discussion of section

5.12, that E= 0 and hence ej /3,5 = 1 at the centre frequency. In

as much as ﬁl and ﬁ% are frequency dependent, this term also describes

the frequency response of the coupled wave amplitude. These two

properties of ej B'E are exploited in the ensuing calculation procedure.
The third source of scattered amplitude dependence upon output

wave direction is more subtle and requires a closer study of the

expression (9,101). qn,, the coupled to incident surface wave ampli-

0
tude at the centre frequency, (JO, can be expressed now in the form
C =| /(v 0. F. dy) dx dz | / 4WP
Q%) 3 g u
0
= . 112
(v3 Fl dy) A / 4WPu (9.112)

~ ~

where the superscript "Q'" denotes a term evaluated at the propagation

surface, y = O, Here also, from equation (7.304),

o
P = —%/
= 0

is the component of acoustic power flow, per unit beam-width of the

Real Part[T . aj*:l dy (9.113)
*J j=x,v, z.

scattered wave, in the direction of the coupled wave vector ( nominally
assumed to be the x coordinate direction in the above expression).

W, as shown in Figure 9.1, is the aperture of the IDTs. The same
figure introduces the additional quantities H and L which are the half-
width and half-length, respectively, of the mass-loading grid; with
these, equation (9.112) can be further modified to obtain

0

Coy = (g F dy) 4LHA / 4 WP

0 ~ ~
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0
i.e. C = &
) (‘JO (:3 : ,Iil dy) 2LA / 4Pu cos (9.114)
In this expression
A = A/ 41H (9.115)

is an area correction factor which relates the actual area of the
scattering region, A, to that of a rectangle of sides 2L and 2H. As
defined in Figures 5.2 and 9.1, @ is the angle between the incident

and perturbation wave vectors; the device configurations pictured in
Figure 5.1 set ©O'= 34°. Equation (5.124) states that the periodicity,
Ap’ of the surface perturbation is related to the centre frequency

wavelength, A of the input surface wave signal, through the require-

01
ment that

A= A &

B 0 / 2 cos (9.116)

This result can be used in equation (9.114) to determine
0] 2
= F & .

C QB N )0 (j; iy dy) &N / 8P cos (9.117)

where N is the number of mass-loading elements in the scattering region.
When written in this form, it is obvious that the coupled wave amplitude
ratio is increased according to secze’,as the angle of separation,
T = 2@, between input and output waves is increased. Equation (9.117)
serves not only to highlight the third source of scattered amplitude
dependence upon the direction of the output wave but also to present
the expression for the coupled wave amplitude ratio in a form well
suited to calculation.

The prior discussion suggests that an analysis of the magnitude
and frequency response of the coupled signal proceeds most simply by

following the three separate steps outlined below.
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+1. From the perturbation approach of equation (8.401), determine
the surface force density sources created by the application
of periodic mass-loading to the propagation surface:- this

provides the (F1 dy) factor of equation (9.117).

~y

2. Use equation (9.117) to calculate CoJ , the coupled to incident
0
surface wave amplitude ratio at the device centre frequency.

3. Separately explore the coupled signal frequency response as

described by

F(ew ) = //ejé% dA (9.118)

in which /fNZ is given by equation (9.111).
Note that step 2 requires, as assumed already in section 5.1, that a
single wave vector,lﬁp, be assigned to the periodic surface perturbation.
The coupled mode funZtion, F(w ), takes account of the finite extent of
the scattering region. In section 9.6 an argument justifying this
treatment, which neglects contributions from higher harmonics of the

scattering perturbation, is presented.

0.12 Directivity Signal Analysis Procedure.

A comparison of equations (9.101) and (9.102) emphasises the basic
fact that the coupled and directivity signals are scattered by the same

distribution, (Fl

~

dy), of acoustic surface force density. But an
analysis of the strength and frequency response of the directivity wave
is considerably more complicated because the wave vector diagram for
this scattered signal does not close, even at band centre; this property
is inferred in Figure 9.1, and is enlarged upon in section 9.5. Never-
theless the calculation can proceed in similar steps to those described

previously for the coupled signal.
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.1. Calculate, by analogy with equation (9.117), the quantity

0 2
: = . & .
Dw N /\0 (V4 Fy dy) L / 8P cos (9.121)
0 ~ ~
which contributes to the directivity signal amplitude ratio at
the centre frequency.
2. By analogy with equation (9.118), separately evaluate the func-
tion

Glw) = //ej B-x g (9.122)

where now

I§= /§1 + @,4 + Ep (9.123)

Since ﬁS# 0, e‘]‘é'£ # 1 at band centre, so that the centre frequency

directivity to incident signal amplitude ratio, D , must be evaluated

w
0

by utilizing the results of steps 1 and 2;

D = D G(w.) / A (9.124)
w W 0
0 0
A is, as usual, the area of the surface perturbation illuminated by
both transducers 1 and 4; - i.e. the entire scattering region shown in
Figures 5.1 and 9.1. The frequency response of the directivity signal
amplitude ratio is determined solely by the coupled mode integral of
equation (9.122).
Normally the directivity of a directional coupler is expressed as
a coupled to directivity signal amplitude ratio (in dB). This quantity
and its frequency variation can be calculated by combining the above
result, equation (9.124), with those of section 9.11, equations (9.117)

and (9.118), to show that

Coupled Signal Amplitude

Directivity

Directivity Signal Amplitude

¢ Kw) /D  Glw) (9.125)
CJO OJ0
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0.2 Derivation of the Source Distribution Produced by Periodic Mass

Loading on a Surface Acoustic Propagation Surface.

The effect, on surface acoustic wave motion, of mechanically
loading the boundary has been examined in connection with studies of
propagation (108), (122), microsonic waveguide structures (48) - (50),
scattering (108), (110), (111), and IDT performance (108), (110). The
derivation of acoustic source distributions undertaken here is based
directly upon Skeie's perturbation treatment (110) of the mass-loaded
propagation surface. His results are reproduced only in the detail
required for an understanding of the analytical procedures and for the
correct interpretations to be placed upon variables in subsequent cal-
culations. As later sections of this chapter show, the utilization of
these source terms in deriving explicit expressions for the scattered
wave amplitudes differs considerably from Skeie's method; sections 7.5
and 9.1 have developed an integral technique suited to the investigation
of scattering on a surface in preference to the scattering matrix
formulation established by Skeie to explore a one-dimensional situation.

9.21 Surface Acoustic Wave Propagation on a Frce Surface.

Consider, in the notation of Chapter III, a surface acoustic wave
travelling in the +x direction on the surface y = 0 of a substrate
which is non (or weakly) piezoelectric, but which may or may not be
elastically anisotropic. The surface density of the elastic energy

carried by this wave motion is

o0

= 1 *
We 5 ][ Tik Sik dy (9.211)
0 )
i,k = x,y,2

and the surface density of the kinetic energy is
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oo
. _ 1 2 %
W= zpw / u, u” dy (9.212)
0 .
) i,k = x,y,2

When a uniform surface acoustic wave propagates through a lossless
medium the phase velocity and particle displacement components adjust
themselves in a way such that
AW = W - W
= 0 (9.213)

9.22 Surface Acoustic Wave Propagation on a Uniformly Mass-Loaded

Surface.

Suppose now that the wave motion is perturbed by depositing onto
the substrate surface a thin layer, of height h, of a material with
different elastic properties. This situation is illustrated in Figure
9.2. Providing that the overlay is sufficiently thin it is reasonable
to assume, in the first approximation, that the particle displacements
are of a constant amplitude throughout the total thickness of the film
and that they are described by the displacement components for propaga-
tion on the free substrate surface. Under these conditions, equations
(9.211) and (9.212) show that

0 O x* 2 0 0%

- 1 ‘ '
AW = 3h (Ciklm Sik Slm P U Uy ) (9.221)
where the stresses, Tik’ have been expanded, through equation (3.211),
in terms of the fourth order elastic constant tensor, c. and the

ikim’

strains, S In this relationship the primed quantities are properties

1m
of the overlay material, while the superscript "0" denotes acoustic
field quantities to be evaluated at the free surface of the unloaded

substrate.

Equation (9.221) describes a ficticious energy unbalance between
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Figure 9.2
Surface acoustic wave propagation on a uniformly

mass-loaded surface.
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the kinetic and stored elastic surface energy densities associated with
the wave motion in the layered medium. In practice this energy
differencé does not arise because ihe surface wave phase velocity and
particle displacements are readjusted, on addition of the overlay, to
maintain AW = 0. But the above expression for AW offers a conven-
ient method for deriving, correct to first order, two important results.
The first of these is the phase velocity perturbation, which may
be an increase, if the overlay stiffens the substrate, or a decrease,
if the overlay provides mass-loading. A precise knowledge of this
velocity perturbation is the key to the design of thin film guides for
surface acoustic waves (30), (48) - (50), (123) and of laminated media
surface wave dispersive delay lines (2), (4), (124):- it is also an
important parameter in Skeie's derivation of a reflection coefficient
for an individual finger of an IDT (110). But in the present study
the phase velocity perturbation plays only a secondary role. In
analyses of microsonic crossbar coupler performance the scattered wave
amplitudes must be predicted by a perturbation treatment of the surface
mass-loading interaction. Thus, as stated in section 5.2, and as
detailed for individual devices in sections 10.3 and 10.8, practical
couplers are fabricated from comparatively thin surface mass-loading
overlays (of height less than 1% of a surface acoustic wavelength)
for which the velocity slowing is quite small, (typically less than 3%).
But should it be desirable to know the velocity perturbation in a
particular situation — e.g., to facilitate the design of a scattering
grid functioning at a precise centre frequency — approximate results
for certain substrate and overlay material combinations are plotted by

Skeie (110), and more accurate values are calculated by other workers
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(49)% (50) exploring modes of propagation in surface acoustic waveguides.

The second important result which can be derived from the ficti-
cious energy unbalance of equation (9.221) is the distribution of
surface force densities due to the presence of the overlay. A
calculable expression for these sources is, of course, of vital import-
ance to a theoretical investigation of crossbar directional coupler
performance.

9.23 Source Distributions on a Uniformly Mass-Loaded Surface.

At this juncture the overlay is assumed to be elastically isotropic;
this is in harmony with the device fabrication procedure described in
section 5.2, where the deposited mass-loading film is gold. Now the

elastic constant matrix, of the overlay material can be replaced

“ikim’
by its isotropic counterpart, which involves only Lamés's elastic
constants, A and Mo Skeie uses the stress-free propagation surface
boundary conditions to show that the energy unbalance of equation

(9.221) can be manipulated (112) into the form

2 ! ' ! 0 O ' 0 Ox% 1 2 0 O
AW = h 4w (AN + ) u_ u + u u ~p V_u.u
i x U TPV Y s

(N +200)

i=x,y,z (9.231)

in which F (=CJ/VS) is the surface acoustic wave vector on the unperturbed
substrate. Differentiation of AW with respect to the components of
particle displacements yields the components of reaction surface force

density,

AF, = - [b(AW) /bui] i=x,y,2 (9.232)

1

which, from equation (9.231), are
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s AFx = hwz ,O' - 4,uré>\’ -'r,u»') : ux0
9 ‘(h +2pM)
AFy - hcuzfo' uYO (9.233)
AFZ = hwz p' - vﬁ'z uZ0

S

Reference to equations (8.324) and (8.401) shows that the above
expressions for the reaction surface force densities have the struc-
ture predicted by the general perturbation theory of Chapter VIII:-
the sources, AAFi, are calculable in terms of the unperturbed field
quantities, uio, which are the displacement components on the free
(unplated) surface, and the properties of the boundary perturbation,
namely the material constants, )', ﬁ; and f;, of the overlay. As
mentioned briefly in section 8.4, the analysis presented here allows
the sources described by equation (9.233) to contain both mass loading
terms, (in /;), and stiffness loading terms (in /L) (108), (110).
Because the substrate is, in general, anisotropic, the transverse com-
ponent of particle displacement is usually non-zero, which leads, in
turn, to a non-zero value of AFZ.

The elastic isotropy of the overlay permits the surface force

densities of equation (9.233) to be written in a manner more suited

to numerical evaluation. In isotropic media the shear wave phase
velocity, Ve and the longitudinal wave phase velocity, vy, are
determined by
v 1 1
= 2 (9.234)
v, (w7 p)
[ 1 ' ' 1
and v, = [ (A + 2p) /P ] & (9.235)

The ratio of the two volume wave velocities is fixed by the Poisson's
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T

ratie, o, of the material to be

e = . /v.)% = (0s5-0)/@-0) (9.236)

With these three relationships the sources of equation (9.233) can be

re-expressed as

2 t t t 2 0
AFX = hw” po [1—4(1—q)(vt/vs)A]uX
.2 v 0
AFy = hw /o uy (9.237)
2 ¥ ' 2 0
AFZ =hw P [1— (vt/vs)] u

in which form they are more amenable to calculation,

0.24 Source Distributions on a Periodically Mass-Loaded Surface.

The surface force densities of equation (9.237) are those caused
by the addition to the propagation surface of a continuous, uniform
mass-loading film of thickness, h. But the practical crossbar couplers
illustrated in Figures 5.1 and 5.3 have a mass-lcading provided by a
periodic array of metal strips, etched from a continuous overlay, so
that their profile, in a cross-sectional plane containing the X
crystal axis, is rectangular, as sketched in Figure 9.3. The function

g(x,y) which describes this profile can be decomposed by Fourier

theory into its harmonic components;

g(X,Y) = %[cos Ispx—%cos 3/6px+%cos 5/8px— ...... ]
J b's -J X 33 X -33 X
=L[(e IBp+e /gp)—_l_(e /gp+e /BP)
T 3

j5[3 x -jsﬁ X .
+1C P o4e S L — (9.241)
5
In this expression ﬁ&)(=217/ Ap) is the magnitude of the perturbation

wave vector. Later calculations of the coupled signal amplitude

consider only the contribution arising from Pp = —ﬁ)p, while derivations
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Periodic mass-loading of an acoustic propagation

surface.
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of the directivity signal amplitude consider contributions from
ﬂp =1 pr. As noted in section 9.11, this approach neglects the
higher harmonic components of the periodic surface mass loading,

(i.e. Ep =13 pr’ fsﬁp etc in equation (9.241)) and its validity
must be established carefully; this task is undertaken in section 9.6.
It can be seen from the expansion, (9.241), that the surface

force densities for periodic mass-loading of a surface acoustic wave
propagation surface are determined by equation (9.237) with h replaced

by h/1V 5 i.e.

2 1 T L} 2 0

AF = (/M) w” p [ 1 -4(1-4q) (vt / vs) ] u,
2 ¥ 0

AFY = (/M) w™ p uY (9.242)
2 ! ! 2 0

AFZ = (W/T) w /0[1— (vt/vs) J u,

The AFi have an obvious time and spatial dependence of the form

exp{;[alt - ( ﬁ. + ﬁ ).r]} which has been omitted from, but is
1 N ~Po~

implied within, the above expressions.

9.3 Derivation of the Centre Frequency Coupled Wave Amplitude Ratio.

Armed with the above calculable expressions for the surface force
densities, equation (9.117) can be expanded into a form which allows
an evaluation of the centre frequency coupled wave amplitude ratio,

CGJ , in a specified situation. This expansion procedure is handled

0
most easily in three stages, as detailed in the following three sections.

9.31 The Mass-Loading Interaction Power.

The singly most difficult factor to manipulate in equation (9.117)

is the "interaction power' term, (v30. Fldy). Equation (3.224) recalls

~

that the components of surface acoustic wave particle displacement in
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anisptropic media are of the form

—cA(j)OJy/vs jo (t-x/vg)

3 .
u, = zg: C.(J) e e
i i

3=1 is=ux,y,z

while equation (3.323) shows that the corresponding result in piezo-
electric materials differs only in the respect that summation is over

j=1 to 4. Thus the free surface particle displacement components are
Lo }:: o (D i=x,7,2 (9.311)
i j i

the summation being over j=1 to 3 when piezoelectricity is absent or
neglected, and over j=1 to 4 when piezoelectric properties are included
in the analysis. A comparison of the results presented in Appendices
I and II reveals that when the substrate is weakly piezoelectric, the
total surface wave particle displacement components are essentially

the same whether the computational process considers the medium to

be non-piezoelectric, piezoelectric, or piezoelectric with an ideal
metal overlay. The ensuing calculations are based upon the data
outputs of computer program "Anisom', (Appendix I); the discussion of
section 10.31 demonstrates that this neglect of piezoelectric contribu-
tions does not reduce the accuracy of theoretical predictions of the
coupled wave amplitudes.

Figures 5.1 and 9.1 indicate that the incident wave radiated by
the IDT in port 1 of the experimental crossbar coupler travels at +34°
to the X crystal axis, on the AT cut quartz surface, and has, in the
coordinate notation of Figure 9.1, a positive x wave vector component.

Hence the free surface particle displacements for this wave are

0 _ ) _ .
[ui ]1 = E;: Ci = K, i=x,y,2 (9.312)

1
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the Ci(J) being those listed in Appendix I (page 4), and the "[ ]1",

denoting a field quantity associated with a wave launched by the IDT
in port 1. The above expression allows numerical values for the ui0
to be substituted into equation (9.242) to obtain the surface force
densities, (Fl dy).

The second factor that must be known in order to comﬁute the

interaction power is Vs which is defined, in section 9.1, to be the

peak velocity field o;,a “gimilar" surface acoustic wave launched from
transducer 3 towards the scattering region. This wave is "similar"
in the sense that it carries the same power per unit beamwidth as the
input wave radiated from transducer 1. Figure 9.1 discloses that the
wave whose velocity field is Vs propagates along the path angled at
-34° to the X crystal axis and has a positive x wave vector component.
The free surface velocity field components of this signal are

i

[V.O] = jwz C.(J) = jwM. i=2x,y,z (9.313)
i 3 i

3

where the Ci(J) are to be found in Appendix I (page 8 ). As recorded
in section 3.52, and as evidenced by the analytical curves of Figure
3.5, the AT cut quartz crystal exhibits elastic symmetry about the X
crystal axis. One result of this symmetry property, which may be

deduced from the numerical data in Appendix I, is that in equations

(9.312) and (9.313),

K = M ¥

X X

K =-M%* (9.314)
y y

XK =-M*

Z A

The same relationships hold for the displacement amplitude coefficients

of all pairs of surface waves which differ only in the sign of their
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wave.vector component resolved normal to an axis of elastic symmetry,
on an anisotropic substrate.

Equations (9.242) and 9.312) provide expressions for the components
of the surface force density, (F1 dy), as formulated in a coordinate
system determined by the wave v;;tor of the signal launched from trans-
ducer 1 (now labelled the x' coordinate direction) aﬁd the free surface
normal (y'). But equation (9.313) describes the components of the
velocity field v30 in a system whose orientation is governed by the

wave vector of the signal launched from transducer 3 (x coordinate

Tt

direction) and the surface normal (y ). This coordinate notation is

illustrated in Figure 9.4, which shows that the x coordinate system

L

is rotated an angle T = 2€ about the y axis from the x coordinate

system; clearly T is the angular separation of the input and coupled

wave vectors. Before attempting to calculate the interaction power,
(v30. Fl dy), the usual tensor transformation
- L. (9.315)
i 7 ki Tk
in which 85 = cos(xk X ) must be employed to obtain expressions
for the components of v30 in the x coordinate systenm. These are
established to be
o
v = jw| M_ cosT + M sin?
L x X z
3
o]
v = jJwM (9.316)
Ly 14 y
C 0
v = jw[—M sin¥ + M cos'ﬂ‘:l
L Z ] 3 b4 z

Now the interaction power can be expanded as the sum of component

products through the relation (9.317)

0 0 0 0
oo = [, ] <[5, ), <[, el
A; N; X 3 P2 1 y 3 y 1 Z 3 Z 1
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Equations (9.242), (9.312) and (9.316) allow these contributions to
0

(v3 3 Fl dy) to be expressed as
O ) 3 1 T 1 2 .
v AF = jwh p |1-4(1-q XV K | M cosT + M sinT
x X t X X z
3 1 (i <-—
v
s
0 .3,
[v ] [AF] = jwhp K M (9.318)
Y ig Yiq Eh y v )

joJ3Ll_/O l-»(v 2 K [—M sin®T + M cos'b"]
™ hj_) z X z

v

s

| —
<
N
o
——
W
1
>
m
N
—J
=
i

in which form they are calculable from a knowledge of the elastic
properties of the overlay and the surface wave propagation character-
istics on the substrate.

0.32 The Power Per Unit Beamwidth of a Surface Acoustic Wave.

The final quantity which must be expressed in a calculable form
to permit an evaluation of the centre frequency coupled amplitude ratio
from equation (9.117), is Pu’ the component, in the direction of the
wave vector, of acoustic power flow per unit beam-width of the surface
wave. Equation (3.241) shows that the components of acoustic power

flow per unit beamwidth of a surface wave are

00 .
P, = - %/ Real Part (T.. a.%) dy (9.321)
i ij 7
0
i=x,z Jj=x5,2
where Py, the component normal to the free surface, is zero. The two

non-zero contributions, Px and Pz, can be written in the form
- 1
P, = 3o [Real Part (R,)] (9.322)
where it is clear, from the structure of the integrand of equation
(9.321) and from the analysis of section 3.2, that the Ri can be

expressed in terms of the surface wave particle displacement amplitude
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coefficients, Ci(j), the decay constants, OSj), and the elastic
constants pf the medium. Computer programs "Anisom" and '"'Pianm"
calculate the complex quantities Rx and Rz which, in the data outputs
contained in Appendices I and II, are loosely labelled as the longi-
tudinal and transverse "power flow components', respectively. For
the chosen propagation paths of the crossbar coupler, (i.e. at T34°
to the X crystal axis on AT cut quartz),

Real Part (Rz) £ Real Part (Rx)

which ensures that the misalignment angle

#

arctan [ Real (PZ) / Real (Px) ]

arctan [ Real (R ) / Real (R_) ] (9.323)
z X

between wave and power flow vectors is essentially zero.

In section 9.11 and, in particular through equation (9.113),
Pu is defined to be the component of acoustic power flow, per unit
beamwidth of the scattered wave, in the direction of the coupled wave
vector; i.e. of the wave travelling towards transducer 3 from the
perturbed surface region. Figure 9.1 indicates that this wave propa-
gates at an angle of -34° to the X crystal axis; hence

P = 3w [Real Part R)) ] . (9.324)

u X

where Rx is the "longitudinal" power flow component whose numerical

value is listed in Appendix I (page 8 ).

9.33 An Explicitly Calculable Expression for the Coupled to Incident

Wave Amplitude Ratio at the Device Centre Frequency.

The results of the two preceding sections can be used now to
derive an explicitly calculable expression for the centre frequency

coupled to incident amplitude ratio, C Substitution from equations

_
0

(9.318) and (9.324) into (9.117) yields
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o 2 : 1 NAT
[Real (R )] cos?® (9.331)

wherein

[N = [1 - 41 - q')(ﬁt)z] K, I:MX cosT + M sinT:l
v
s

L}

+[l—<v )2]2{ [—M sinT + M cos'ﬁ‘] (9.332)
_t Z X z

The individual terms of these two relationships fall into three separate
categories; those determined by the device geometry, those describing
the elastic properties of the overlay material and those depending upon
the characteristics of a surface acoustic wave propagating on the free
substrate surface. For the particular directional coupler configura-
gions of Figure 5.1, each term of equations (9.331) and (9.332) can be
given, through the results derived in sections 9.1, 9.2 and 9.3, a
definite numerical value.

Equation (9.331) shows that the centre frequency coupled amplitude
ratio depends linearly upon three factors;

1. the number of mass-loading strips, N,

2. the overlay height relative to the centre frequency surface

acoustic wavelength, (h/ AO)’

and 3., the mass density, /O', of the overlay.
All of these features are in accord with those which might be deduced

from an intuitive study of the device designs pictured in Figure 5.1.

9.4 The Coupled Signal Frequency Response.

Recall, from the discussion of section 9.1 and, in particular,
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from,equations (9.111) and (9.118), that the frequency response of
the coupled to incident signal amplitude ratio is described by the

coupled mode function

F(w) =] //eJIQ'gdA

B= B« B 5

and the integration is over the finite area, A, of the scattering region

in which

illuminated by both transducers 1 and 3. The coordinate notation
chosen for the process of evaluating F(w ) is established in Figure 9.5.
Also shown in the same figure is the centre frequency wave vector dia-
gram for the coupled signal; because this closes, /@ = 0 at band centre,
and F(wo) = A,

For the selected coordinate notation, .

F(w ) =// eJ('Blx © P IB3X)xdz dx (9.401)

where /Slx denotes the x component of /81, and similar definitions apply
to ppx and /B3X. Equation (9.401) makes use of the fact that neither

+ h W w . 1
ép nor (El E3) has a z component, even when # o Thus put

/8= /glx * /Bpx * /63x (9.402)

so that the integral of equation (9.401) reduces to

F(w) = //ejﬂx dz dx (9.403)
If integration is carried out first with respect to z the contribution,
FR (w ), from mass-loading bars to the right of the origin in Figure

9.5, is
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: L (H-xtan ©)

Fp (9 IPX 4 ax

0 (-H+xtan® )

L
2/ (H-xtan &) e‘]’BX dx
0

This expression can be integrated by parts to show that

FR(w) = 2| H (ej’BL - 1) - Ltan®@ ej’BL - tan® (ej’BL - 1)
. . 2
iP ip B
(9.404)

In an identical manner the contribution, FL(OJ), from bars to the
left of the origin can be calculated from first principles. Alterna-
tively this factor can be deduced from the expression for FR(QJ) by
substituting

-IL for L
and - tan©@ for tan@
in equation (9.404), and multiplying the result by -1 to account for

the changed direction of integration; this procedure provides that

Fw) =2 |ua=e PP v ptaneedPY 4 tamea-e D
< . 2
iP | ip B

(9.405)

Adding equations (9.404) and (9.405), and performing simple algebraic
manipulations determines that the overall frequency respénse of the

coupled signal is governed by the function

AL

F(w) = Z(LJZ tan® | ¢ sinBL  + sinz( 2)

;0 AL (/B_L)2

2

(9.406)

where c = 2[ H —1] (9.407)
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and poth sides of F(w ) have been divided by )\02 to obtain the dimen-
sionless function F (w).

9.41 Calculation of the Coupled Signal Frequency Response.

Although the function F'(oo’) furnishes the desired description of
the coupled signal frequency response for the device whose geometry is
illustrated in Figure 5.1, it is of use only if a further result,
formulating IB in terms qf the fractional off-centre frequency, can
be derived. The difference, Ay, between the device centre frequency,
wo, and the actual operating frequency, «w, at any instant of time, is

Aw = w- W (9.411)

By reference to Figure 9.5 this difference frequency can be expressed

in the alternative form

ANw = - sec®
ve (Prx ﬁlxo) § (9.412)
in which /le is the x wave vector component of the signal, of frequency
0
(JO, launched from transducer 1. Provided that operation takes place

at frequencies near band centre the coupled signal, of frequency

w#E W can be regarded still as a surface wave directed ftowards

07

transducer 3; hence the relation

Aw = vs( /83x - /81X0) sec® (9.413)

is equally valid. Summing equations (9.412) and (9.413) produces the

expression

JAY,

It

Vg (Ile + /B3x - 2/81x()) sec©

vs (ﬁ’lx * /63x * /Bp) sec &

v_s /B sec® (9.414)
2

1
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where the latter results emerge from equation (5.123), used in con-
junction with Figure 5.2, and from equation (9.402). The above

relationship can be rearranged into the more convenient form

BL = Aw 201L  cos® (9.415)
2 cab )0

which, when used in conjunction with equation (9.406), allows calcula-
tion of the coupled signal frequency response for a microsonic cross-
bar coupler of specified geometry.

0.42 The Nature of the Coupled Signal Frequency Response.

On intuitive grounds alone, the configuration of the metal overlay
patterns pictured in Figure 5.1 suggests that the coupled signal weculd
exhibit a frequency behaviour of basically sinx/x dependence, where x =
N 1 (ACJQ/CJO) and N is, as usual, the number of mass-loading elements.
This establishes an approximate 3dB fractional bandwidth of (7/8N).

But the occurrence of an additional factor, to take account of the
varying length of these scattering bars which, as is indicated in

Figure 9.1, do not all intercept the full width of the incident acoustic
beam, could be predicted as well.

These expectations are realized in the analytical expressions
describing the coupled signal frequency response. The dimensions of
the scattering regions in both coupler styles are such that ¢, defined
by equation (9.407), is greater than unity; this fact is evidenced by
the photographs of Figure 5.1. This means that the function, F'(oj),
of equation (9.406), is dominated by the (sinf3L/f3L) term; L, being
the half-length of the interaction grid, is proportional to N, and
equation (9.415) shows that/ﬁ is proportional to (onﬂwb). The second

term of equation (9.406), sinz(f3L/2)/(/3L/2)2, introduces a small
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correction to the basic response and determines a 3dB bandwidth slightly
greater than that provided by the (sinIBL/IB L) factor alone. All of
these features are demonstrated more clearly in the theoretical coupled
signal response curves, calculated by combining the results of equations
(9.331), (9.332), (9.406) and (9.415), and plotted in section 10.3.

The Magnitude and Frequency Response of the Directivity Signal.

The procedure to be followed in a derivation of the relative mag-
nitude and frequency behaviour of the directivity signal is outlined
in section 9.12. By analogy with the corresponding expressions for
the coupled wave amplitude ratio, i.e. equations (9.331) and (9.332),

1
the quantity D introduced in equation (9.121) can be deduced to be

0
D = jMv.° h p 1 Na (9.501)

w s =
: AO [Real (Rx)] coszG’

s

where now

r1 = 11 - 4(l—ql)<\fl> 2 K [:Mx;'é cosT + Mz* sinﬁ‘]

_t x
v
S
+ XK M ¥*
y
+1—(v 21 x [—M*sinT+M¥cosT} (9.502)
t z x 4
*)
S

Here the complex conjugates of the Mi arise through the property of
forward and reverse propagating surface acoustic waves which is formu-
lated in equation (7.503); it may be recalled, from the discussion of

section 9.1 and from Figure 9.1; that the velocity field, Vo associated

~

with the directivity signal analysis is that of a wave travelling in
the opposite direction to the one whose velocity field, Vs, appears in

the expressions for the coupled signal amplitude ratio. The values of
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the Mi are determined still by equation (9.313), in which the Ci(J)

are taken from Appendix I, (page 8|). But as noted in section 9.12,
the wave vector diagram for the directivity signal does not close at
the centre frequency, so that D 5] alone does not described the

0

directivity to incident wave amplitude ratio at Wy

The remaining task, therefore, is to calculate the coupled mode

//ejfé-z dA

Bl+pr+E4

~ ~

function

G(w)

wherein

B

and integration is over the area of the interaction region illuminated

by both transducers 1 and 4; i.e. the whole scattering grid. Figure
9.6, which retains the coordinate notation established for the calcula-
tion of the coupled signal frequency response, clearly indicates that
both the positively (+x) and negatively (-x) directed perturbation
wave vectors arising from the fundamental Fourier component of the
mass-loading periodicity (refer equation (9.241)) can contribute to the
directivity signal. Because these wave vector diagrams do not close
@' , as defined above, is non-zero, and can be resolved into its x and
z components, ﬁ&:and f&. It can be seen that the only difference
between the resultant E;s in diagrams (a) and (b) of Figure 9.6, is that
/3x changes sign. Init;ally the calculation of G(w) presented below
considers only the contribution from the (+x) term of /Bp; i.e. from
the situation depicted in Figure 9.6(a). -
From the preceding discussion the coupled mode function can be

written as



160.

{;tb

/e

NTD

2

eﬂ
@
e
| T

2,500

; +x perturbation vector

llh

i B

} 4
B 1 19N By o
P | < =

|

: P,

e e I

B,
ﬂ ; -x perturbation vector
Figure 9.6

Wave vector diagrams for the directivity signal.
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. G(e) =//ej P ej Pt dx dz (9.503)
the compon.ents of the resultant é l;eing
Be = Pix * /Bpx + P (9.504)
ana 8, P Isz + Py

Pursuing the approach used in the coupled signal reéponse analysis, the

n

contribution to G(cw) from mass-loading bars to the right of the origin

in Figure 9.5 is

I H-xt : )
(H-xtan@ ) Jﬂxx Jﬁzz
GR(w) — e e dz dx
0 (-H+xtan @ )

Performing this integration leads to the rather unwieldy result that

. ipH -IRH
_ m z Z J
GR(w) = -1 e - e + e - e (9.505)
/62 (/:7>X N Ithan@’) (/Bx +/BZtan6’)“
where M = IBzH + /BxL - /BZLtanG
(9.506)
and vV o=

/3XL + /BthanG’ . /SZH

The variable interchanges detailed in section 9.4 allow the deduction,
from equation (9.505), of the corresponding expression for GL(OJ), the
contribution to the directivity response from scattering bars to the
left of the origin. These two functions, GR(w) and GL((J), can then
be summed to obtain the total response. Following considerable

algebraic manipulation the emerging result is

G (w) =

L)2[)Csin IBXL sind + tan® (cos ’BzH - cos IBXLcosb)]

g 0, :

(X% - tan®@) (9.507)
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b
0

in which

/3x / /32

/3 (H-L tan@)
Z

(9.508)

and

In accordance with the treatment of the coupled signal frequency
response function, G(w) has been divided by the square of the centre

frequency surface wavelength, A, to yield the dimensionless function,

0’
G'(OJ), of equation (9.507). It may be noted, froﬁ the above expres-
sions, that G'(uJ) is unaffected by a change in sign of ﬁ&. This

means that the (-x) fundamental perturbation wave vector, as illustrated
in Figure 9.6(b), makes a contribution to the directivity signal which
equals that due to the (+x) perturbation wave vector component ; hence
the overall directivity signal response is governed by

G (W) = 2¢ (w) (9.509)

0.51 Calculation of the Directivity Signal Frequency Response.

As discovered in the investigation of the coupled wave response,
relationships such as (9.507) and (9.509) are only useful in character-
izations of practical devices when the variables can be formulated in
terms of an actual operating frequency, «w , and the device centre

frequency, w This information is available from the wave vector

0"
diagrams of Figure 9.6 which show that

/8){ = 4T cos¢
AO
(9.511)
and IB = 40 & sin®
’ AO &b

The results of equations (9.501), (9.507) and (9.509) can be com-
bined to obtain the centre frequency directivity to incident signal
amplitude ratio;

D = D G (w,) (9.512)
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Equation (9.125) indicates the technique which can be used to express
the directivity of the crossbar di;ectional coupler in the usual manner;
i.e. as a coupled to directivity signal amplitude ratio. The direct-
ivity amplitude ratio, as a function of frequency, is

Coupled Amplitude P : -
C, F (w) /D . G (W) (9.513)
Directivity Amplitude 0 0

where the contributing functions are described by equations (9.331),
(9.406), (9.501), (9.507) and (9.509). This relationship is the basis
from which the theoretical directivity curves of section 10.3 are
calculated and plotted.

The Importance of Contributions from the Higher Harmonic Components

of the Surface Perturbation.

Equation (9.241) highlights the fact that the preceding analyses
have neglected the harmonic wave vector components, (t3 /Bp, tS ﬁp’ etc),
of the periodic surface mass-loading perturbation. The validity of
this procedure, in relation to both the coupled and directivity responses,
must now be established.

90.61 Contributions to the Coupled Signal.

Wave vector diagrams for the higher harmonic components, unlike
that shown in Figure 9.5 for the fundamental (+x) perturbation wave
vector, fail to close. Their contributions to the coupled signal
amplitude must be evaluated, therefore, by the techniques described in
section 9.5. The directivity plots of Figures 10.1 and 10.6 indicate
that such contributions are typically more than 40dB below that provided
by the fundamental perturbation component for which the wave vector
diagram closes. Thus, in the coupled signal analysis, the neglect of

harmonic components of the surface perturbation is clearly justified.
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0.62 Contribution. to the Directivity Signal.

.

From Figure 9.6 it can be seen that the wave vector diagram for

the nth harmonic component of the periodic surface mass-loading perturb-
ation is similar to that of the fundamental, except that f& is dincreased
in magnitude by a factor of n. Equation (9.507) reveals that the
magnitude of the contribution to G'(OJ), i.e. to the directivity signal
amplitude ratib, from the nth harmonic component must be inversely pro-
portional to n. The manner in which the harmonic components sum to
provide the complete response is stated in equation (9.241); this
relationship provides two more important features. Firstly, each
contribution is reduced by the further factor of n contained within the
coefficients of the Fourier series expansion of the perturbation profile.
The overall variation of the directivity signal amplitude contribution
from the harmonic terms is as 1/n2. Secondly the harmonic contribu-
tions alternate in sign, tending to cancel each other. Hence the

consideration of only the fundamental component of the periodic surface

perturbation is also valid in an analysis of the directivity signal.
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. CHAPTER X
A COMPARISON OF THE THEORETICAL AND EXPERIMENTAL

PERFORMANCE OF THE MICROSONIC CROSSBAR DIRECTIONAL COUPLER

10.0 Introduction.

10.1

Before the analytical results of the previous chapter can be used
to predict the performance of the crossbar directional coupler, several
further quantities must be calculated. The first section of this
chapter presents sufficient details of the metal overlay patterns,
shown in Figure 5.1, to permit an evaluation of the area correction
factor, 2\, for each coupler style. Numerical data for the elastic
constants of the mass-loading overlay material, and a description of a
technique for precisely measuring the height of the scattering bars
are contained in the same section. The experimental methods which
enable the behaviour of both coupler styles to be recorded, and the
procedure by which these results are processed, are discussed. Theoret-
ical and practical response curves are plotted side-by-side and are
compared in the following section. The two sets of results are examined
firstly on an individual basis, for each device fabricated, and then
features common to this type of surface acoustic wave directional coupler
are reviewed. Possible sources of the relatively small discrepancies
between theoretical and experimental behaviour are considered in the
concluding remarks of this chapter.

Additional Data Required for Theoretical Performance Assessment.

Predictions of crossbar coupler response, based upon the analytical
expressions of sections 9.3 to 9.5, require numerical values for the
dimensions of the interaction region, (from which the area correction

factor can be calculated), the elastic properties of the overlay and
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the height of the mass—-loading bars.

10.11 Dimensions of the Scattering Surface Perturbation.

The functions F'(OJ) and G'(OJ), which describe the frequency
dependence of the coupled and directivity signal amplitudes, respectively,
are, as shown by equations (9.406) and (9.507), dimensionless. For
this reason the parameters H, L and xo can, in calculations of these
functions, take their numerical values as measured directly from the
original rubylith device pattern. (But note that in evaluating the
magnitudes of the coupled and directivity waves, using equations (9.331)
and (9.501), hO (=vs / fO) must be the actual centre frequency surface
acoustic wavelength).

Coupler Style A,

The rubylith mask for this coupler style, a photograph of which
appears in Figure 5.1(a), was cut to a scale which allowed the width
of each electrode in the IDTs to be Z2mm. This determines that

XO = 8mm
while measurement records the half-width of the interaction grid as

H = 45.84mnm.
A scattering region comprising N mass-loading elements has a half-length

L = (2N - 1) d/2
where d is the width of each element. Through equation (5.124), the
above expression can be presented in the calculable form

L = (2N - 1) >\0 / 8 cos® (10.111)
where, for coupler style A, N = 10 and, as usual, 6&:340. Figure
0.1 shows that the area correction factor, defined by equation (9.115),
is

A = [1 -1 tane] (10.112)
oH
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whicp, on substitution of the above numerical values, returns
A = 0.83 (10.113)

for couplers of style A (with N = 10).

Coupler Style B
The rubylith pattern for this coupler style was scaled so that

each IDT electrode could be cut to a width of one sixteenth of an inch.
Hence

Ag = 4.0
and, by measurement,

H = 30.46
both dimensions being in sixteenths of an inch. Once again L can be
calculated from equation (10.111), but now there are 20 mass-loading
bars in the scattering region. These values provide an area correction
factor

A= 0.74 (10.114)

for couplers of style B (with N = 20).

10.12 The Elastic Properties of the Overlay.

The gold film from which the mass-loading bars are etched is

assumed to have the elastic properties of the bulk material (97); i.e.,

]

mass density, Q@ = 19.3
*
Poisson's ratio, o = 0.421
and shear wave velocity,

ve = 1.239 Km/sec.
Section 10.74 discusses further the accuracy of this step, in view of

the somewhat uncertain elastic properties of vacuum-deposited films,

and of the dependence of these properties upon film thickness.
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10.1? Film Thickness Measurements.

During the process of etching the desired crossbar coupler patterns
from the deposited metal films, sharp steps are created in the overlay
profile. Thus the most convenient method, from the viewpoints of
simplicity and avoidance of damage to the completed device, for measuring
the film thickness is optical interference. This task is made even
simpler by the availability of a Wild M-20 microscope fitted with an
interference attachment (125). The two sets of fringes, i.e. those
appearing on the gold and the quartz surface, are observed initially
under white light, to establish the order of the fringes. By inserting
a 0.540 micron narrow-band optical filter, the relative fringe shift
can be measured to within one tenth of a fringe, and hence the film
thickness can be determined to within -:027 micron. In all practical
crossbar couplers fabricated during this study, the IDTs are etched
from gold overlays whose heights, as recorded by the above procedure,
lie within the range 0.1 to 0.15 microns. The measured heights of
the much thicker surface mass-loading films are quoted in séction 10.3,
when the theoretical and practical performance of each individual
coupler is discussed.

Procedure for Experimental Studies of Coupler Response.

Figures 4.5 and 4.6 illustrate the essential details of the equip-
ment and experimental arrangement employed in studies of the crossbar
coupler. Because of the slightly different construction of coupler
styles A and B, as indicated in Figures 5.1(a) and (b), the precise
experimental procedure varies a little in each case, and is discussed

separately below.
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* Coupler Style A.

The jig in which couplers of this style are mounted is pictured
in Figure 5.4(a). A single input and a single output-transformer,
designed by the approach of section 5.34 to tune and impedance match
an IDT, are provided. In the style A pattern the transducers on the
main transmission paths are separated by approximately 1.2cms; this
propagation distance allows surface wave pulses of up to 3.5/Asecs
duration to be transmitted and received without interference from the
signal which is coupled electromagnetically from the input to the output
transducer. At a specified frequency the amplitude, C, of the coupled
signal (detected at transducer 3), and the amplitude, T, of the trans-
mitted signal (detected at transducer 2) are recorded by connecting
the same receiving circuit, in turn, to each transducer. On the
assumption that the coupling mechanism is lossless, the coupled wave
amplitude is expressed in terms of the incident wave amplitude to
determine the

Coupling Factor (dB) = 10log,, [1 + (T/C)z:l (10.201)

A similar measurement of the directivity signal amplitude, D, is made
and the quantity

Directivity (dB) = 20108, 4 (c/D) (10.202)

calculated. The whole procedure is repeated at selected intervals

over the frequency range of interest.

Coupler Style B.
Crystals upon which metal patterns of coupler style B are fabric-
ated are placed in the more elabourate test unit pictured in Figure

5.4(b). An increased transducer separation of approximately 4cms.
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permits the propagation of pulse lengths up to 12.5/45ecs without
encounter;ng interference; measurements on style B couplers therefore
can represent more closely the CW behavioﬁrt Again only single input
and output transducer tuning circuits are provided. Following the
experimental method outlined above the amplitudes C, T and M of the
coupled, transmitted and monitored surface wave signals (the latter
being measured at transducer 5 in Figure 5.1(b)) are recorded, at the
same frequency, by connecting the same receiver circuit, in turn, to
each IDT. Note that the much shorter path length (approx. lcm.) between
the launching and monitoring IDTs forces the measurement of M to be
made with a reduced pulse length of about SF,secs. The quantity

2 2 2
PL (dB) = 1010glO [M / (T + C )] (10.203)

which is a measure of the acoustic energy lost - i.e. not received at
either transducer 2 or 3 — through the coupling mechanism, is cal-

culated. Providing that P. is sufficiently small the lossless coupling

L
assumption remains valid and the coupling factor can be computed from
equation (10.201). The amplitude of the back-scattered wave is noted,
and the directivity evaluated using equation (10.202). As for couplers

of style A, this procedure is repeated at other frequencies.

Experimental and Theoretical Results for Individual Devices.

This section presents and compares the theoretical and practical
response curves for individual crossbar couplers; the same results are
discussed from an integrated viewpoint in section 10.6. At this junc-
ture it is appropriate to summarise the analytical expressions of
Chapter IX from which the theoretical curves of this and the following

sections are calculated.
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Coupled to Incident Signal Amplitude Ratio, (C/1).
Magnitude at centre frequency‘
- equations (9.331) and (9.332).
Frequency dependence
-equation (9.406) in conjunction with equations (9.407)
and (9.415).
Coupling factor
- reciprocal of above amplitude ratio expressed in dB.
i.e. Coupling Factor (dB) = 20 logy (1/C) (10.301)
Coupled to Directivity Signal Amplitude Ratio, (C/D).
Magnitude and frequency dependence
- equation (9.513), constituent functions of which can be
obtained from equations (9.501), (9.502), (9.507), (9.508),
(9.509) and (9.511).
Directivity
- above amplitude ratio expressed in dB.

i.e. Directivity (dB) = 20 log, (C/D). (10.302)

10.31 Coupler Model A.1 (Style A, Model 1)

This, the first surface acoustic wave crossbar directional coupler
to be tested in the study (126), verifies the assertion of section 2.32,
that coupling between an input and an output wave can be achieved by
the application of periodic mass-loading to the propagation surface.
The ten mass-loading bars in this device are etched from a gold film
of height h = 2.0%microns and provide, as shown in Figure 10.1, an
experimental coupling factor of 12.1 dB over a 3 dB fractional band-

width of 0.093, centred on 10 MHz. This practical centre frequency



30 4

284

26 1

24 -

221

201

172.

I\ I\

\ ' R

I\ I\ ;
// \\\___ /‘/./ \\ 50 -E
/' Y ,
\RQO -%

.\\

30 °

Theoretical coupling factor
-3¢ ¢ Experimentally measured coupling factor

—— Theoretical directivity

g
181 <
H
O
+
Q
164 &
oo
[«
I
144 2
[e]
@]
124
10 T T T T T T T T T 1
9.0 9.4 9.8 10.2 10.6 11.0

Frequency (MHz)
Figure 10.1

Practical and theoretical response of coupler model A.l



173.

is 3% lower than the design value of 10.3 MHz, due to the velocity
slowing (108), (110), (122) of the surface wave as it passes through
the region of surface mass-loading. (The '"design" centre frequency

is that determined by the acoustic wave velocity on the free substrate
surface and the periodicity of the mass-loading elements; it neglects
the inevitable reduction in phase velocity as the wave traverses the
perturbed area of the substrate surface.) Also drawn in Figure 10.1
is the theoretical coupled signal frequency response, which predicts

a centre frequency coupling factor of 11.0 dB, or 1.1 dB greater than
obtained in practice. An alternative value for the theoretical centre
frequency coupling factor can be determined by using the results of
computer program '"Pianm'" rather than "Anisom" to calculate the free
surface particle displacement components — i.e. the Ki and Mi of
equation (9.332). As stated in section 3.26, the surface wave particle
displacements computed by a procedure which incorporates the piezo-
electric properties of the medium are, in materials possessing weak
electroacoustic coupling, almost identical to those determined by
neglecting piezoelectricity. The coupling factor should be essentially
the same, therefore, whether the data of Appendix I or Appendix II is
used in the calculation of the theoretical coupling factor. Indeed
drawing upon the results of "Pianm" leads to an analytical centre
frequency coupling factor of 10.9 dB, only 0.1 dB stronger than deduced
earlier, Because this difference is so small, all subsequent calcula-
tions utilize the simpler propagation data supplied by "Anisom" and
listed in Appendix I. The two curves of Figure 10.1 indicate a close
similarity between the practical and theoretical frequency dependence

for the main lobe of the coupled signal response.
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.No "back-scattered" directivity signal can be detected over the
entire frequency range explored. The receiver sensitivity and the
noise level in the experimental system allows signals of amplitude
4 millivolts p.-p. to be observed on the CRO. Hence the measured
coupled pulse amplitude of approximately 160 millivolts p.-p. at 10 MHz
means that the centre frequency directivity must, in practice, be in
excess of 32 dB, This is supported by the analytically calculated
directivity response plotted in Figure 10.1; the curve shows that a
crossbar coupler of style A (with 10 elements in the mass-loading grid),
has a predicted directivity in excess of 47 dB over the device bandwidth.
Transmitted and coupled surface wave signals for two input pulses
of different lengths are pictured in Figure 10.2. Section 10.4 discusses
the origin and the significance of the two distinct pulse envelope shapes
observed for the propagated surface waves.

10.32 Coupler Model B.1 (Style B, Model 1)

Figure 10.3 discloses that this device, whose twenty mass-loading
strips are formed from an overlay of height h = 0.749 microns, affords
an experimental centre-frequency coupling factor of 15.3 dB. The
practical 3 dB fractional bandwidth of 0.050 is slightly more than half
that of coupler model A.l, which has only half the number of mass-
loading elements. This bandwidth is centred on 10.48 MHz, a frequency
0.7% lower than the design value of 10.55 Miz. The theoretical coupled
signal response for this device is also plotted in Figure 10.3, and
indicates a centre frequency coupling factor of 14.4 dB, or 0.9 dB
larger than measured by experiment. General harmony exists between
the theoretical and practical curves describing the frequency variation

of the coupled signal amplitude; the only region over which
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Surface acoustic wave pulse shapes in crossbar coupler model A.1l.
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Figure 10.3
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the two sets of results differ substantially is the higher frequency
side-lobe.,

The experimentally determined coupling loss, PL, defined by
equation (10.203), is presented as a function of frequency in Figure
10.4. PL is iess than 1 dB at band centre, and less than 1.2 dB over
the 3 dB bandwidth of the coupled signal response. . These values, in
themselves, are sufficiently small to justify the lossless coupling
assumption, and to permit the processing of experimental results through
equation (10.201). But the practical measurements described in section
10.33, and the discussion of section 10.65, lead to the conclusion that
only a small fraction of these losses are directly attributable to the
periodic mass-loading coupling mechanism,

Pictured in Figure 10.5 are the monitored, transmitted and coupled
surface wave signals for two input pulses of different durations. A
comparison of these photographs with those of Figure 10.2, for coupler
style A, indicates, by the reduced amplitudes of the electromagnetically
coupled signals, the improved shielding afforded by the jig illustrated
in Figure 5.4(b). These pulse shapes are typical of the waveforms ob-
served in experiments with the five directional couplers of this style;
their general form is examined further in section 10.4.

Of considerable interest is the oscillogram of Figure 10.5(h),
which shows the signal received at the directivity transducer (IDT 4,
for near mid-band operation. Bearing in mind the geometrical and
spatial symmetry of the coupler, a comparison of photographs (d) and (h)
reveals that the directivity pulse should appear in the 10-20m sec time
siot of (h): in practice only background noise is observed at the

greatest receiver sensitivity. The small pulses to the right of the
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Experimentally measured coupling loss for coupler model B.1l.
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Vertical scale
20 volts/cnm.
Horizontal scale

lfLsec/cm.

(a) Input signal applied to transducer 1.

(T = 3}&SCCS).

Vertical scale
2 volts/cm.
Horizontal scale

lfnsec/cm.

(b) Received pulse at monitor transducer 35
for input of (a).

(40dB receiver gain).

Figure 10.5
Surface acoustic wave pulse shapes in crossbar coupler model B.1.
All signals at f = 10.55 MHz.
[Left hand pulse in photographs (b), (d) - (h), (j) and (k) is an

electromagnetically coupled signall
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Vertical scale
20 volts/cm.

Horizontal scale

thsec/cm.

Moo i el

(c) Input signal applied to transducer 1.

(T =% 10;»secs).

Vertical scale
0.2 volts/cm.
Horizontal scale

Sfbsec/cm.

(d) Coupled pulse received at transducer 3
for input of (c).

(40dB receiver gain).

Vertical scale
0.2 volts/cm.
Horizontal scale

Z/Lsec/cm.

(e) Coupled pulse received at transducer 3
for input of (c).
(40dB receiver gain - time origin shifted
to left).
Figure 10.5 (cont.)
Surface acoustic wave pulse shapes in crossbar coupler model B.l.
All signals at £ = 10.55 MHz.
[Left hand pulse in photographs (b), (d) - (h), (j) and (k) is an

electromagnetically coupled signalJ



Vertical scale
1 volt/cm.
Horizontal scale

Sfbsec/cm.

(f) Transmitted pulse received at transducer
2 for input of (d).

(40dB receiver gain).

Vertical scale
1 volt/cm.
Horizontal scale

2/»sec/cm.

(g) Transmitted pulse received at trans-
ducer 2 for input of (d).
(40dB receiver gain - time origin shifted
to left.
Vertical scale
.01 volt/cm.
Horizontal scale

Sﬁsew%m.

(h) Directivity signal received at transducer
4 for input of (d). Directivity pulse
should appear in 10—20/Asec time slot.

(40dB receiver gain).

Figure 10.5 (cont.)
Surface acoustic wave pulse shapes in crossbar coupler model B.1.
All signals at £ = 10.55 MHz.
[Left hand pulse in photographs (b), (d) - (h), (j) and (k) is an

electromagnetically coupled signal.]
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(i) Input signal applied to transducer 1.
(T % 3usecs).

Vertical scale

0.2 volts/cm.
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Horizontal scale

2}Lsec/cm.
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(j) Coupled pulse received at transducer 3
for input of (i).

(40dB receiver gain).

Vertical scale
1 volt/cm.
Horizontal scale

2/w sec/cm.

(k) Transmitted pulse received at trans-

ducer 2 for input of (i).

(40dB receiver gain),.

Figure 10.5 (cont.)
Surface acoustic wave pulse shapes in crossbar coupler model B.1l.
All signals at £ = 10.55 MHz.
[Left hand pulse in photographs (b), (d) - (h), (j), and (k) is an

electromagnetically coupled signalJ
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direetivity signal time slot (i.e. delayed further in time) arise from
the reflection of the coupled signal at the crystal edges behind trans-
ducer 3. Figure 5.3(b) recalls that acoustically absorbing "black wax"
is placed on the substrate surface behind the IDTs to damp these reflec-
tions; although this procedure reduces the unwanted signals by about

30 dB, they are not removed entirely. The failure to observe a direct-
ivity wave at any frequency within the range 9.6 to 11.5 MHz is a feature
common to all the crossbar couplers tested experimentally and it allows

a lower bound to be placed on the directivity of each device. For

model B.1, the coupler presently under discussion, the directivity must
be greater than 41 dB at band centre. This value is supported by the
theoretical directivity response for style B couplers, with twenty mass-
loading bars in the scattering region; this curve is plotted in Figure
10.6 and predicts a directivity in excess of 55 dB over the 3 dB coupling
bandwidth,

10.33 Coupler Model B.2 (Style B, Model 2)

A gold film of thickness h = 0.506 microns provides the surface
mass-loading in this model. As in all couplers of style B, twenty
scattering bars are etched from this overlay. The experimental response
curve, Figure 10.7, shows that a coupling factor of 18.55 dB is achieved
at a centre frequency of 10.50 MHz, the 3 dB fractional bandwidth being
0.049. Drawn in the same figure is the corresponding analytically-
calculated response which determines a centre frequency coupling factor
of 17.7 dB, 0.85 dB larger than reéorded by experiment. As for coupler
model B.l, the theoretical and practical frequency dependences of the
coupled signal amplitude are very similar, the greatest discrepancies

occurring in the high frequency side lobe.
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*Figure 10.8 depicts the experimentally measured coupling loss as

a function- of frequency; P

L is less than 1.4 dB over the 3 dB coupling

bandwidth, and is only 0.8 dB at the centre frequency. After all
practical studies of this directional coupler have been completed, the
mass-loading surface perturbation is removed by etching, without damaging
the IDTs. This allows a second series of measurements to obtain the
propagation loss, P_ , calculable from equation (10.203) as
P, (aB) = 20 log,, (M/T)

which is the acoustic loss as the surface wave travels from transducer
5 to transducer 2. The results of this investigation are also plotted
in Figure 10.8; the two experimental curves in this figure disclose
that the quantity (PL = B ), which is the true coupling loss, (i.e.
that due directly to the coupling mechanism), is only 6.15 dB at the
centre frequency. This provides verification of the lossless scattering
postulation put forward in section 2.2. In keeping with the one-
dimensional scattering situation described by Figures 2.1 and 2.2,
(PL -2 ) is larger for frequencies above band centre. A more detailed
examination of the practically measured propagation loss is undertaken
in section 10.65.

Although no back-scattered surface wave signal can be detected,
a lower practical limit of 38 dB can be placed on the centre frequency
directivity of this model.

10.34 Coupler Model B.3 (Style B, Model 3)

The experimental response curve of Figure 10.9 reveals that this
device provides a coupling factor of 18.69 dB from mass-loading bars
of height h = 0.492 microns, and achieves a 3 dB fractional bandwidth

of 0.049 centred on 10,50 MHz. Drawn in the same figure is the corres-
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model B.2.
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ponding theoretical response, which predicts a centre frequency
coupling factor of 17.9 dB — 0.79 dB larger than obtained in practice
— and which shows the usual harmony with the experimental frequency
dependence. A plot of coupling loss (PL) versus frequency, presented
in Figure 10.10, exhibits a loss of only 0.7 dB at mid-band, and less
than 1.2 dB over the 3 dB bandwidth of the coupled éignal response.
The experimentally determined lower bound for the centre frequency
directivity of this crossbar coupler is 38 dB.

10.35 Coupler Model B.4. (Style B, Model 4)

An interaction grid of twenty mass loading bars, each of height
h = 0.446 microns, leads to a practical peak coupling factor of 19.89 dB
in this model. The graph of the experimental coupled signal response
is contained in Figure 10.11, and records a fractional 3 dB bandwidth
of 0.050 at a centre frequency of 10.52 MHz. A calculation of the
theoretical coupling factor determines a peak value of 18.8 dB, which
is 1.09 dB stronger than measured experimentally. The practical and
analytical response curves of Figure 10.11 display the now familiar
close agreement which is noted in the frequency behaviour of the three
previous models. A coupling loss of 0.6 dB at 10.52 MHz, and of less
than 1.1 dB over the coupling bandwidth, is evidenced by the experimental
results plotted in Figure 10.12. For this coupler a practical lower
1imit of 37 dB can be placed on the centre frequency directivity.

10.36 Coupler Model B.5. (Style B, Model 5)

The final crossbar directional coupler of this style to be tested
has a region of periodic surface mass-loading formed from a gold overlay
of height h = 0.304 microns. This produces, as plotted in Figure 10.13

a practical coupling factor of 24.1 dB at a centre frequency of 10.52 Miz,
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Figure 10.12
Experimentally measured coupling loss for coupler model

B.4.
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and with a fractional 3 dB bandwidth of 0.049. Calculations of the
theoretical coupled signal response predict a peak coupling factor of
22.1 dB. The discrepancy of 2.0 dB between the experimentally and
analytically determined centre frequency coupling factors is consider-
ably greater than found in other models. As shown by the graphs of
Figure 10.13, the experimental frequency response also displays,
particularly at the high-frequency side-lobe, a larger departure from
the theoretical dependence than noted in the preceding investigations.
A measurement of the coupling loss for this device cannot be
made due to a broken electrode finger in the monitor transducer. The
absence of an observable directivity wave allows the conclusion that
the practical centre frequency directivity is more than 33 dB for this
model of the microsonic crossbar coupler.

10.4 Transmitted and Coupled Surface Wave Pulse Shapes.

It is clear from the photographs of Figures 10.2 and 10.5 that
the transmitted and coupled surface wave signals have pulse envelopes
of a somewhat different shape. The origin of this variation is illus-
trated in Figures 10.14 and 10.15 for the case of an input pulse of
10 wsecs duration, (the carrier frequency being 10 MHz), applied to the
input IDT of a surface acoustic wave crossbar directional coupler having
twenty periodic mass-loading bars in the interaction region. This is
precisely the situation to which photographs (¢) - (g) of Figure 10.5,
taken during tests of coupler model B.1l, relate. A comparison of the
waveforms sketched in Figures 10.14 and 10.15 shows that the coupled
surface wave pulse, detected at transducer 3, is 20 cycles longer over-
all, and has a central flat region of the envelope 20 cycles shorter,

than the transmitted pulse received at transducer 2. Experimentally
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obsetved pulse envelopes, and in particular those pictured in the
oscillograms of Figure 10.5 (e) and (g), are of the shape predicted

by analysis. The differences between the coupled and transmitted
surface wave signal envelopes are accentuated in Figures 10.2 (e), (f)
and 10.5 (j), (k) which illustrate waveforms resulting from input pulses
of short duration.

10.5 Strong Coupling of Surface Acoustic Waves

-Coupler Model A.2.

The experimental results of section 10.3 suggest that a region of
heavy periodic surface mass-loading, which permits very strong coupling,
offers one technique for reflecting surface acoustic waves with compar-
atively little loss. To investigate this possibility a coupler of
style A, but with twenty mass-loading elements etched from a very thick
gold film of height h = 9.63 microns, is fabricated and tested. The
coupled signal response of this device, as measured by experiment, is
plotted in Figure 10.16. This discloses a minimum coupling factor of
0.43 dB — i.e. the coupled wave amplitude is three times larger than
the transmitted wave amplitude, which means a coupled to transmitted
power ratio of 9:1 — at 9.70 MHz. Because of the large degree of
velocity slowing as the wave passes through the area of the substrate
surface which is covered by the very thick mass loading bars, this centre
frequency is 6% lower than the design value of 10.3 Miz. For obvious
reasons the perturbation analysis of Chapter IX cannot be used to cal-
culate the amplitudes of the scattered surface waves in this strongly
coupled situation. It is evident, too, from Figure 10.16, that the
experimentally recorded coupling factor no longer exhibits the sin(x)/x

frequency dependence noted in studies of devices providing much weaker
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coupling.

Perhaps the most useful result emerging from this investigation
is the indication that a strongly coupled crossbar coupler (of which
a surface wave reflector is the limiting case) should be fabricated,
if possible with regard to bandwidth requirements, from a large number
of moderately thick mass-loading elements in preference to a small
number of very thick bars. Designs based upon the latter approach,
although affording a wider bandwidth, suffer from two intrinsic prob-
lems. Firstly, a perturbation analysis cannot be used to predict the
amplitude of the coupled signal; a guide to the performance of a many-
element mass-loading grid formed from a moderately thick overlay can
be obtained from an analysis of the device whose mass-loading bars are
of the same height, but are much smaller in number. Secondly, unless
specific allowance is made for the phase velocity perturbation intro-
duced by the presence of the surface mass-loading, the centre frequencies
of the scattering interaction and of the IDTs which provide communica-
tion at the ports become separated by significant amounts.

Experimental and Theoretical Results in Summary.

Table 10.1 summarises the coupled signal behaviour, both experi-
mental and theoretical, of the surface acoustic wave directional couplers
whose performance is discussed individually in section 10.3. The
features which emerge from an integrated examination of the results for
all models of the crossbar coupler can now be described.

10.61 Bandwidths and Centre Frequencies.

The theoretical or design centre frequencies quoted in Table 10.1
neglect the phase velocity perturbation caused by the application of

the mass-loading overlay to the propagation surface. In the light of



Centre 3dB Centre Frequency Coupling

Coupler N h Frequency Fractional
Model (microns) (M?z) Bandwidth (éB) AR, .
Theor. | Prac. Theor. Prac. Theor. Prac. Theor. Prac.
Al 10 2.09 10.3 10.0 0.1 .093 11.0 12.1 0.283 0.248
B.1 20 0.749 10.55 10.48 .05 .05 14.4 15.3 0.191 0.172
B.2 20 0.506 10.55 10.50 .05 .049 17.7 18.55 0.130 0.118
B.3 20 0.492 10.55 10.50 .05 .049 17.9 18.69 0.127 0.116
B.4 20 0.446 i 10.55 10.52 .05 .05 18.8 19.89 0.115 0.101
B.5 20 0.304 10.55 10.52 .05 .05 22.1 24.1 .078 .062
A.2 20 9.63 10.3 9.70 .05 0.43 0.952

Table 10.1

Summary of Theoretical and Experimental Coupled Signal Responses.

N

A.R.

h

overlay height (microns).

face wave amplitude ratio.

number of elements in mass loading region.

centre frequency coupled to incident sur-

10¢
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the ¢discussion of section 9.22 it is not surprising that couplers whose
interaction region is fabricated from a comparatively thick film have

a practical centre frequency considerably lower than the}design value.
But the table indicates, as expected, that the experimental and the
design centre frequencies approach coincidence as the thickness of the
mass-loading layer tends to zero. The fractional 3 dB coupling band-
widths of all devices tested, with the obvious exception of the surface
wave "reflector', model A.2, follow closely the predictions of coupled

mode theory.

10.62 Centre Frequency Coupling Factor.

For the first five models listed in Table 10.1, the analytically
calculated centre frequency coupling factors are stronger than those
measured in practice by relatively small amounts ranging between 0.8
and 1.1 dB. A larger discrepancy occurs for the weakest coupler,
model B.5, whose peak experimental coupling factor of 24.1 dB is 2.0 dB
less than provided by theory. The scattering bars of this crossbar
coupler are etched from a gold overlay only 0.304 microns thick — the
thinnest of all the mass-loading films deposited in the present study.
That the elastic constants of the bulk material, as used in the theoret-
ical calculations, might not adequately represent the properties of
this thin film is the subject of further discussion in section 10.74.

10.63 Centre Frequency Coupled to Incident Amplitude Ratio.

Equations (9.331) and (9.332), derived from the perturbation
analysis of Chapter IX, state that the coupled to incident surface
wave amplitude ratio is linearly proportional to the height of the
periodic-surface mass-loading bars, for a coupler of specified config-

uration (i.e. N, w,., substrate and overlay material combination, and

0
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devige geometry all being fixed). Points representing the coupled
signal amplitude ratios and overlay heights as measured experimentally
for the five crossbar couplers of style B are marked in Figure 10.17.

A sixth point, marked thus ®, represents the practical performance

of coupler model A.1. Because Figure 10.17 refers exclusively to
style B couplers, this last result is plotted as the experimentally
recorded coupled signal amplitude ratio for coupler model A.l1 with an
ordinate given by an "effective" mass-loading film thickness of h =1.14
microns (c.f. actual height of 2.09 microns). (By taking account of
the different area correction factors, centre frequencies and number of
mass-loading bars in the two device styles, this effective height is
calculated to be the film thickness needed in a style B coupler to pro-
duce the same peak coupled signal amplitude ratio as measured experi-
mentally in model A.1).

As shown in Figure 10.17, these practical results suggest that a
linear relationship between the coupled wave amplitude ratio and the
film thickness exists, for the particular circumstances of the present
investigation, in the region h ¢ 0.9 microns — i.e. for coupled to
incident surface wave amplitude ratios of less than 0.2. For overlays
of greater height, which provide stronger coupling, the slope of the
relationship steadily decreases. It is interesting to note that this
1imit of linear behaviour is reached when the height of the mass-loading
bars is less than 0.3% of a surface acoustic wavelength at the operating
frequency. But the high mass density of gold, which is more than seven
times the mass density of the substrate material, quartz, introduces an
"amplification factor'" into the calculation of the surface force densities

created by periodically mass-loading the propagation surface.
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'Figure 10.17 presents also the theoretical linear relationship,
between thé coupled signal amplitude ratio and the mass-loading film
thickness, as calculated from equation (9.331), using the bulk material
constants to describe the elastic properties of the gold overlay; this
determines a straight line whose equation is

Coupled Amplitude 0.259 h (10.631)

Incident Amplitude
where h is the height, measured in microns, of the scattering bars.
The third graph in this figure is a further theoretical result calcu-
lated from equation (9.331); on this occasion the overlay is assumed
to have the elastic properties of bulk gold, except that it is of zero

1 1]

shear rigidity (i.e. po= 0 and hence v, = 0 in equation (9.332)).
This provides a relationship of the form

Coupled Amplitude = 0.228 h (10.632)

Incident Amplitude
which is, as shown in Figure 10.17, almost coincident with the linear
segment of the "best-fit'" curve drawn through the experimental points.
The significance of the above two analytical relationships is considered
in greater depth in section 10.74.

Figure 10.18 extends the graphs of the previous figure to accomo-
date mass loading films of greater thickness and so allows the plotting
of a point to represent the practical performance of each coupler listed
in Table 10.1. Once again the result for model A.1l, marked ©®, has
been processed to indicate the performance of a similar style B coupler.
But on this occasion the result is plotted as an "effective coupled
amplitude ratio", calculated to be that provided by a style B coupler

whose mass-loading bars are of height h = 2.09 microns (i.e. the actual
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thickness of the overlay in model A.1). As anticipated, Figure 10.18
discloses an increasing discrepancy between the experimental and theoret-
jical behaviour, (the latter being determined from the perturbation
analysis of Chapter IX), with increasing overlay thickness.
10.64 Directivity.

Sections 10.31 to 10.36 report that, over the entire frequency
range of experimental interest, no "back-scattered" surface wave could
be detected at transducer 4, in any of the crossbar couplers. The
absence of such a signal allows the establishment of a lower limit to
the practical directivity. For coupler model A.1l this bound is 32 dB
at the centre frequency, which compares with the theoretical value, taken
from Figure 10.1, of a directivity in excess of 47 dB over the 3 dB
bandwidth of the coupled signal response. Through equation (9.513)
the coupled mode analysis predicts a directivity of 59 dB at the centre
frequency and of more than 55 dB over the 3 dB coupling bandwidth for
style B crossbar couplers (with N = 20). The experimentally determined
1ower limits for the centre frequency directivity of the five style
B couplers tested in this study lie between 33 and 41 dB.

10.65 Coupling Loss.

Practical measurements of coupling loss for four models of coupler
style B, (model B.5 excluded), return values between 0.6 and 1.0 dB
at the centre frequency, and between 1.1 and 1.4 dB over the 3 dB band-
width of the coupled signal response. These losses, per se, are
sufficiently small to justify the lossless coupling assumption by which
the experimental results are processed and plotted. But the curves
of Figure 10.8, representing measurements taken with model B.2, reveal

that only a small proportion of the observed loss is due to the coupling
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mechanism, As described in section 10.33, a propagation loss of
0.65 dB is recorded, in the absence of the surface perturbation, over
the path length of approximately 3 cms between transducers 5 and 2,
at the device centre frequency of 10.50 MHz. This leaves a contribu-
tion of only 0.15 dB loss introduced by the coupling process.

But the observed propagation loss of approximately 0.22 dB/cm is
an order of magnitude greater than that which could be due to elastic
losses alone at 10 MHz (17), (18), (45), (61), (127). The analytical
results of section 3.52 and, more specifically, of Table 3.1, recall
that the main transmission paths of the crossbar couplers are oriented
along a direction for which ﬁ, the misalignment angle between the nett
acoustic power flow and wave vectors, is zero and b%/ﬂae is - 0.45
(@& being an angle which defines the wave vector orientation on the
propagation surface ). A simple calculation shows that the total
propagation loss of 0.65 dB can be accounted for by an angular displace-
ment of the metal overlay pattern, from the ideal position on the sub-
strate surface, of 11.5°. The discussion contained in section 5.22
establishes that the overall tolerance in siting the main coupler paths
at i340 to the X crystal axis is t1.5°, with the fabrication techniques
employed in this study.

Sources of Discrepancies Between the Theoretical and Practical

Coupled Signal Responses.

Although the preceding sections clearly demonstrate that there is
general agreement between the experimental and the analytically-cal-
culated performances of the surface acoustic wave crossbar directional
coupler, it is instructive to explore the possible sources of the small

discrepancies which do arise, primarily in the centre frequency coupling
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factor.

10.71 Pattern Misalignment During the Photofabrication Process.

The most likely source of error is that considered in section
10.65, namely an angular displacement of the device mask from the
optimum design position, (as determined by the substrate orientation),
during the photofabrication process. Using the wider results computed
by program "Anisom" — i.e. data describing surface wave propagation
on paths in the vicinity of 134° to the X crystal axis on AT cut quartz
— the theoretical effect, upon centre frequency coupling, of such a
misorientation of the metal overlay pattern can be calculated. This
undertaking, which rests upon equations (9.331) and (9.332), yields the
results shown in Figure 10.19; the curve indicates a coupling factor
dependence of t0.3 dB per degree of misorientation for small departures
from the design position. Hence the rotational location tolerance of
t1.50, noted in section 5.22, introduces an uncertainty of t0.45 dB
into the centre frequency coupling factor.

10.72 Errors in Preparing the Original Device Mask.

Two different errors, each of which modifies the theoretical centre
frequency coupling factor, must be considered under this heading. The
first is an angular misalignment of the periodic mass-loading elements
(i.e. of the perturbation wave vector) in relation to correctly aligned
input and output paths as defined by the IDTs in each port. Because
the original rubylith pattern is twenty-five times larger than the
final photographic mask, such errors should be less than tO.So. A mis-
orientation of the scattering elements means that the coupled signal
wave vector diagram, Figure 5.2, no longer closes at band centre; its

effect can be calculated, therefore, from the directivity function of
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Dependence of centre frequency coupling factor upon pattern
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(i.e. Rotation of the photographic mask from the ideal

position relative to the substrate orientation).

O is angle between wave vector of incident wave and X crystal

axis.
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equation (9.507), which returns the results shown in Figure 10.20.
This curve predicts, for the possible mis-orientation of tO.SO, a
reduction in centre frequency coupling factor of 0.43 dB.

The second source of error which can arise in cutting the rubylith
pattern is an incorrectly located output (coupled) wave path, for
correctly aligned input and surface perturbation wave vectors. A
calculation of the manner in which the centre frequency coupling factor
deteriorates due to such a non-ideal design is complicated by the need
to consider two separate factors. The first of these is a non-closing
wave vector diagram, the contribution from which is provided once more
by equation (9.507). A second arises on account of substrate aniso-
tropy, which causes the particle displacement components of the coupled
surface wave to be dependent upon the output wave direction. The con-
tribution from this factor can be evaluated from equation (9.331) and
from details, supplied by program "Anisom", of surface wave propagation
in the vicinity of the paths at 134° to the X crystal axis on AT cut
guartz.

Figure 10.21 describes the overall dependence of the centre fre-
quency coupling factor upon output wave vector orientation as deter-
mined by combining the results of calculations of the two aforementioned
factors. Again an error of this nature should not exceed tO.S degrees;
this limit allows for a reduction in centre frequency coupling factor
of up to 0.3 dB. A further observation which can be made from Figure
10.21 is that the 3 dB coupled beamwidth is approximately 50; this lends
additional support to the design contention that almost all of the
scattered acoustic energy is detected as a coupled surface wave at

transducer 3.
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10.73 The Accuracy of A Perturbation Analysis.

Section 9.2 presents a perturbation treatment of surface acoustic
wave propagation on a mass-loaded surface; upon this all subsequent
calculations of the coupled wave amplitude ratios depend. The pertur-
bation analysis makes two fundamental assumptions. One is that the
surface wave particle displacements on the mass-loaded surface can be
replaced by those of the wave motion on the free substrate surface.
Obviously this step is only accurate when the perturbing film is
sufficiently thin to ensure that no significant modification to the
particle displacements of an incident wave occurs. The other important
assumption is that the input wave is unattenuated as it travels through
the region of periodic mass-loading. This can only be true of a thin
overlay which provides weak coupling.

The practical couplers whose performance is discussed in section
10.3 are designed, in general, to have relatively weak coupling and
should, therefore, be amenable to analysis by a perturbation approach.
Two possible exceptions are coupler models A.1 and B.l, both of which
exhibit moderate coupling, and for which a perturbation calculation may
be somewhat less accurate. Figures 10.17 and 10.18 illustrate the
greater discrepancies which arise between experimental and theoretical
results (the latter being determined from the first order perturbation
analysis) with increasing strength of coupling.

10.74 The Uncertain Elastic Properties of the Thin Film Overlay.

In the light of the discussion in the preceding section, it is
surprising to note, from Table 10.1, that the largest difference between
practical and theoretical centre frequency coupling factors occurs, as

shown by the response curves of Figure 10.13, for coupler model B.5
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which possesses the lowest coupling of all the devices tested. The
argument of section 10.73 suggests that this is the very coupler for
which a perturbation calculation should be most accurate.

Of the sources of discrepancies described above the only error
which can alter the centre frequency coupling factor of one device
without modifying the performance of other models fabricated from the
same¢ photographic mask, is that described in section 10.71; i.e.,
rotation of the mask with respect to the substrate. But model B.5
has a theoretical-practical centre frequency coupling factor difference
which is 1 dB more than recorded for other style B couplers. A dis-
crepancy of this magnitude can be caused only by a rotational mis-
alignment 3° greater than introduced in the fabrication of any other
device.

As reported in sections 4.3 and 5.22, the overall tolerance on
pattern alignment is t1.5°, of which tl.Oo is contributed during the
process of substrate machining. The five crystals upon which style
B couplers are fabricated were prepared simultaneously in a single
batch and all should possess the same misalignment of substrate edges
from crystal axes. Thus it would seem highly improbable that the metal
overlay pattern of one crossbar coupler is rotated an additional 3° from
the design alignment, compared to the patterns of its companion models.

One plausible explanation resides in the fact that coupler model
B.5 is formed from the thinnest metal film, (h = 0.304 microns) of all
the mass-loading layers deposited in this study. Very little quanti-
tative information concerning the elastic properties of thin metal
films is available from the litterature; most practical data relates to

tensile strength measurements (128) - (131). The results of one such
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experiment (128), (129) suggest that, at least in regard to tensile
strength, gold and silver films thicker than 0.25 microns behave like

the bulk material, while thinner films have considerably different
characteristics — notably a much higher tensile strength. Such a
variation of elastic properties with film thickness could account for

the experimental behaviour of coupler model B.5 as compared with the
performance of the other devices. Unfortunately the experimental ob-
servation of the dependence of tensile strength upon film thickness is
not conclusive; later, but less complete, measurements of the same
parameter do not seem to indicate the same behaviour (130).

In investigations of the input admittance of IDTs on lithium

niobate Skeie (110) sometimes notes (in particular, when the aluminium
electrode fingers are deliberately mass-loaded by a further layer of
gold) closer agreement between theoretical and experimental values by

assuming that the metal films are of zero shear rigidity. Figure 10.17
shows that the same assumption leads to a linear relationship, between
the coupled wave amplitude ratio and the mass-loading film thickness,
which is/almost identical to that suggested by the practical results.
Once more, unfortunately, there is no evidence of either an experi-
mental or a theoretical nature to support the zero shear rigidity assump-~
tion. But the two analytically calculated relationships drawn in

Figure 10.17 indicate the extent of the possible variation in the
theoretical results due to uncertainties regarding the elastic properties
of the mass-loading layer.

The Electroacoustic Contribution to the Scattering Mechanism.

The analyses of Skeie (110) and Auld (108) show that the reflection

coefficient of a surface acoustic wave normally incident upon a metal
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strip, of finite height h, deposited upon the surface of a piezoelectric

medium, is linearly proportional to

6 = —Am

aAv/v + A | Av/v AV/v (10.801)
mass s

stiffness sc
Here A.m and As are constants determined by the properties of the sub-
strate, while the other variables are interpreted as follows;
|Av/v|sc is, as defined by equation (3.001), the phase velocity
perturbation caused solely by the combined effects of
the substrate piezoelectricity and the overlay con-

ductivity.

tAv/v

mass is the phase velocity perturbation due solely to the
mass-loading provided by the overlay. Clearly this para-
meter is a function of the height and mass density of the

deposited film.

|AV/VLtiffness is the surface wave phase velocity perturbation in-
troduced solely by the elastic stiffness of the overlay.
This term is a function of the shear rigidity of the deposited
film.

Definitions similar to equation (3.001) can be formulated for

Av/v|
mass

and lAv/vl if so desired.

stiffness
In IDT design the mass-loading effect is minimised by using thin
aluminium fingers, and the lAv/VlSC term of equation (10.801) may
dominate (71), (132). Calculation shows that this type of interaction,
resulting from the short-circuiting of the piezoelectric fields at the
metallised surface, virtually alone is responsible for the experimental

observation, by Tseng (23), of the Bragg reflection of surface acoustic

waves from a grid of aluminium strips deposited on a strongly piezo-
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electric (PZT-4) substrate. However in the present study the mass-
loading effect has been reinforced deliberately, and the analytical
calculations of the coupled wave amplitude ratios, as detailed in

Chapter IX, have considered only the first two terms of equation (10.801).
The curves of Figure 10.17 show that the elastic stiffness of the over-
lay makes a small contribution to the coupling in comparison with that
provided by the mass-loading, but the relative importance of a con-
tribution arising from the lAv/vlsc term of equation (10.801) has not
been established.

For gold films on a fused quartz substrate (which, in regard to
phase velocity perturbation, should provide a reasonable indication of
the behaviour of a surface wave propagating on gold-coated crystalline
quartz, as used in the experimental versions of the crossbar coupler)
Skeie (110) determines that

|av/y] t2Bh

mass
' for |Av/vl < 20% (10.802)
mass .
where, as usual, h is the mass-loading film height and /3 (=cu/vs) is

the magnitude of the surface acoustic wave vector. The crossbar coupler

fabricated from the thinnest overlay is model B.5 for which

h = 0.304 microns,

vy = 3.264 Km/sec (Appendix II),

f = 10.52 MHz (centre frequency, Table 10.1),
and W = 2TIf.

Substituting these values into equation (10.802) discloses that

IAv/vl z1.2% (10.803)
mass

For the main transmission paths of the couplers, Table 3.1 states that
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|Av/vlsc = 0.074% (10.8504)
while the data of Appendix I can be used in Auld's formula (108) to
obtain
la | # 0.73 (10.805)

The results presented in equations (10.803) - (10.805), show,
when inserted into equation (10.801), that for even‘the crossbar coupler
providing the weakest coupling, the mass-loading contribution to the
scattered wave amplitudes is more than an order of magnitude greater
than that arising from the "electroacoustic fields — conducting
electrodes' type interaction. Hence the neglect of this latter mech-
anism in theoretical calculations of coupler performance is justified.

In view of the aim of scction 10.7, it is worthwhile to note one
further feature of the scattering process which can be deduced from
the foregoing discussion. Auld (108) demonstrates that when the sub-
strate is elastically isotropic Am is real; equations (3.151) and
(3.152) can be used in Auld's formula to obtain the additional result
that for practical isotropic materials this coefficient is negative.
This allows the conclusion, based on the structure of equation (10.801),

that the |Av/v1 and the ]Av/vlsc contributions to the reflected

mass
wave reinforce each other under such circumstances. Although Am
becomes complex when the medium is anisotropic detailed calculation
(which, for the particular conditions applying to the practical cross-
bar couplers, can be undertaken using the description of surface wave
characteristics supplied in Appendix I) shows that these two contribu-
tions still tend to enhance each other. The incorporation of the

electroacoustic component of the scattering mechanism into the crossbar

coupler analysis would lead to very slightly stronger theoretical
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coupling factors. Therefore this factor acts to widen the gap between
practical and analytical results, and does not offer an explanation for
the existing discrepancies.

Sources of Discrepancies in Relation to the Theoretical and

Practical Results.

Table 10.1 and the discussion of section 10.6 highlight the general
close agreement between the theoretical and practical behaviour of the
microsonic crossbar directional coupler. In particular they emphasize
that the most significant discrepancies between the two sets of results
occur in determinations of the centre frequency coupling factor; values
measured by experiments with five devices are between 0.8 and 1.1 dB
weaker than predicted by theory, while a further device, which provides
the lowest coupling, shows a departure of 2.0 dB. But the arguments
of sections 10.71 and 10.72 reveal that angular tolerances on pattern
preparation and alignment can modify the centre frequency coupling
factor, as calculated for the ideal device, by amounts ranging from
+0.45 dB to -1.2 dB. Hence the general agreement between experimental
and theoretical centre frequency coupling factors, as for the other

device parameters discussed in sections 10.3 to 10.6, is quite sound.
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. CHAPTER XI
THE APPLICATION OF PERIODIC MASSILOADING OF A SURFACE ACOUSTIC WAVE

PROPAGATION SURFACE TO MICROSONIC COMPONENT DESIGN.

11.0 Introduction.

11.1

This study of the periodic surface mass-loading interaction has
been conducted, as stated in the aims of the thesis, section 1.4, in
the context of a surface acoustic wave directional coupler design.

But the potential device applications of this coupling mechanism extend
much further than this; some of the more significant of these, in the
light of the experimental and theoretical results of Chapter X, are now
discussed.

Surface Acoustic Wave Directional Couplers.

Tn this category, which includes devices more correctly describable
as power dividers and acoustic beam splitters, a wide variety of com-
ponent designs has been proposed and tested (23), (47), (49), (51), (55),
(121), (126), (133) - (140); space limitations permit a consideration
of only the more promising and the more versatile.

Directional couplers formed by two adjacent thin film strip surface
acoustic waveguides are studied initially in the weak coupling situation
through a perturbation analysis developed by Tiersten (49). As a
consequence of the weak coupling the devices require a large coupling
length, (i.e. the distance needed for energy to be transferred completely
from one guide to the adjacent guide), and provide only a narrow band-
width. The work of Adkins and Hughes (51) extends Tiersten's analysis
to accomodate both strong and weak coupling. Their investigations
include experimentation with the three directional coupler designs

sketched in Figure 11.1. By using-much stronger coupling, their sep-
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(a) Separated double guide directional coupler.
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(b) Contiguous double guide directional coupler.

1,4

(c) Y junction directional coupler.

Figure 11.1
Thin film strip guide surface acoustic wave directional couplers.

[after Adkins & Hughes (51)]
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arated double guide coupler, Figure 11.1(a), achieves a wider band-
width than Tiersten's device. But this style of coupler is still
inherently narrow-band due to the éxponential transverse decay of energy
outside the confines of the strip guide (49), (50). Estimations of
performance capabilities based upon detailed theoretical and practical
studies (51) suggest bandwidths of from 1% to 20% for coupling factors
within the range of 18-25 dB.

The contiguous directional coupler, illustrated in Figure 11.1(b),
is the limiting case of the separated double guide coupler, as the
separation approaches zero. This device has not received the same
intensive study afforded the separated double guide coupler, but both
theory and experiment suggest an improved performance over the latter
style. Coupling lengths five to ten times shorter, and bandwidths
five times flatter may be possible with the contiguous coupler, but the
range of available coupling factors is reduced to 0-10 dB (51). Figure
11.1(c) shows the final arrangement to be examined by Adkins and Hughes;
experiments verify the obvious properties of this Y junction coupler,
namely that it provides 3 dB coupling over broad bandwidths.

From the investigations undertaken by Tiersten (49) and Adkins and
Hughes (51) it seems reasonable to conclude that surface acoustic wave
directional couplers fabricated from various configurations of thin
film strip guides suffer from the four disadvantages listed below.

1. The components are inherently frequency dispersive due
to the laminated surface wave propagation structure.

2. Unless epitaxial growth is used to create single crystal
thin film overlays, the surface acoustic waveguides may

have a large propagation loss at high frequencies.
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" 3. If the surface waves are to be launched by IDTs, which
currently provide the most convenient method of trans-
duction, tapered waveguide sections or "horns' must be
employed to collect all the acoustic energy radiated
from the transducer aperture, typically 100 surface
wavelengths in width, and to direct this into the guiding
path, whose width usually is of the order of a surface
wavelength. Inevitably some acoustic losses occur in
these waveguide transition regions; one set of experi-
mental measurements (51) report a per horn loss of 5 dB
at 25 MHz.

4. In certain configurations difficulty in confining the
propagating acoustic modes to the guides may be en-
countered (51).
In proposing the above factors as the major problems associated with
the successful implementation of strip guide couplers, it is assumed
that the contiguous coupler overcomes the narrow bandwidth restriction
inherent in the separated double guide coupler. The first two problems
stated above might be surmounted by the utilization of very thin metal
overlays, which achieve surface guidance through the velocity slowing
introduced by the short-circuiting of the electroacoustic fields at the
surface of a piezoelectric substrate (25), (141). These guides promise
a much lower propagation loss and a frequency dispersion reduced by
three orders of magnitude (51) in comparison with polycrystalline mass-
loading overlays (49), (50).
The surface acoustic wave crossbar directional coupler suffers

from none of the four defects listed above. But it shares, with the
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sepayated double guide coupler, the problem of narrow bandwidth. This
becomes pgrticularly apparent when the performances of the devices
described in section 10.3 are reviewed in terms of the usual specifica-
tions placed upon electromagnetic microwave directional couplers — e.g.
coupling factors of 3.0 t0.15 dB or 20.0 tl.O dB over the required
bandwidth. The response curves of Figures 10.7, 10.9 and 10.11 imply
that the present crossbar coupler design can meet the latter specifica-
tion over a fractional bandwidth of only slightly more than 4%. This
available bandwidth could be increased by using a mass-loading region
of graded periodicity, but this necessitates that careful attention be
paid to the overall device geometry to avoid frequency dispersion ——
e.g. "chirped"' IDTs of tapered periodicity (142), (143) could be employed
to off-set the frequency dispersion introduced by the non-uniform
spacing of the mass-loading elements.

A most interesting recent development is the acoustic surface
wave multi-strip coupler, (MSC), designed and tested by Marshall and
Paige (121), (136) - (140). The structure of the MSC is shown in
Figure 11.2; its coupling interaction results from an array of thin
parallel metallic strips deposited on a strongly piezoelectric substrate.
A surface acoustic wave, with wave vector normal to the strips, is
1aunched into one half of the device, (along track A for example), and
establishes, through the electroacoustic fields which accompany the
wave motion, an alternating potential between adjacent metal strips.
These potentials must also appear in track B, where they excite a new
surface wave. Power fed into one track thus couples periodically
back and forth between the two tracks as the wave travels along the

substrate. The MSC operates over an extremely broad fractional band-
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Figure 11.2.
Schematic diagram of the multi-strip directional coupler (MSC) with
IDTs at input and output ports.
[After Marshall & Paige (136)]
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widt® of between 100% and 120%. Strip widths can be selected to be
of a comparable dimension to that of the IDT electrodes, so that no
more stringent resolution requirements are demanded of the photolitho-
graphic processes. A fundamental limitation of this device is that
it must be fabricated on a strongly piezoelectric medium. The coupling
iength of the MSC is inversely proportional to the electromechanical
coupling constant of the substrate material (136); the most optimistic
calculation determines a coupling length of 20 surface wavelengths on
strongly piezoelectric YZ lithium niobate (67), (71), which is pleas-
ingly short, but the corresponding length on weakly piezoelectric ¥X
quartz (67), (71), (78) is greater than 500 surface wavelengths.

Hence the MSC performs efficiently only on single crystal cuts,
such as YZ lithium niobate, and polycrystalline ceramics which possess
high electroacoustic coupling; the former materials are generally quite
expensive, (at least one order of magnitude more costly than quartz),
while the latter are limited by acoustic propagation loss to frequencies
of approximately 50 MHz or less (144). Obviously the advantage which
the crossbar coupler offers over this device is that the periodic mass-
loading coupling mechanism does not place any special demaqu upon the
properties of the substrate; in practice, as in the present research
programme, a weakly piezoelectric single crystal material, e.g. quartz,
proves convenient from the viewpoints of low cost and surface wave
excitation using IDTs. However the microsonic crossbar coupler cannot
approach the wide bandwidths available with the MSC. The two coupler
designs share the desirable features that coupling can be obtained

through an interaction which is independent of external circuit elements,
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that the surface wave signals are in the form of broad uniform beams
and that the components are fabricated by the same photolithographic
processes used to form IDTs; all of these qualities are required of
devices which are to be compatible with existing surface acoustic wave
technology (134). Following sections show that the MSC and the cross-
bar coupler share, in addition, a diversity of other possible applica-
tions.

Sections 2.32 and 10.8 note that the coherent scattering of surface
acoustic waves can be observed with coupling mechanisms other than that
supplied by periodically mass-loading the surface (23), (59), (71),
(108), (110), (145). Of these, the most attractive and potentially
most useful interaction is provided by a periodic array of thin metal
fingers deposited upon a piezoelectric propagation surface (23).

Since the phase velocity of a surface acoustic wave decreases as it
enters a metal-plated area of the substrate from an uncoated region (25),
(141), partial reflection of an incident wave occurs at such a junc-
tion (108), (110), (114), (146). 1In a given situation, where the
materials of the substrate and the overlay are specified, the coupled
to incident surface wave amplitude ratio in the surface mass-loading
crossbar coupler is determined primarily by two factors {refer section
9.33);

1. the number, N, of elements in the interaction grid,

and 2. the thickness of the mass-loading film.

This behaviour may be contrasted with that of a coupler exploiting the
"piezoelectric stiffness" scattering mechanism described above (23);
the latter type of device has a bandwidth inversely proportional to N,

and a coupling factor proportional to N, where N is the number of thin
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conducting strips in the scattering area. The crossbar coupler design
base; upon a periodic surface mass-loading interaction has a greater
flexibilit& introduced by the selection of the parameter 2 above, and
affords, within limits imposed mainly by fabrication problems and the
range of validity of theoretical performance predictions calculated by
perturbation analyses, independent control of strength of coupling and

bandwidth.

Launching Surface Acoustic Waves Along Paths of Low or Zero

Acoustoelectric Coupling.

One experimental method for characterising surface acoustic wave
motion on an insulating medium requires the deposition of a narrow
conducting stripe onto the surface, normal to the direction of pro-
pagation. The surface motion is measured by recording the electro-
motive force generated across this metal stripe in the presence of
a static magnetic field (147), (148). Components of the surface wave
particle displacements perpendicular to the stripe can be resolved in
both magnitude and phasé by rotating the applied magnetic field about
the axis of the stripe. But when the substrate is piezoelectric a
voltage, (of the same frequency as that generated by the effect described
above), is detected across the stripe in the absence of a magnetic
field: this voltage is due to the electroacoustic fields which accompany
the propagating surface wave. Although compensation for this electro-
acoustically induced e.m.f. can be made in experiments to explore the
free surface particle displacements of a surface acoustic wave (148),
in related device applications (149) of this measurement phenomenon it
is advantageous if the excitation of this unwanted field can be avoided.

An obvious solution is to use a non-piezoelectric substrate, but
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the problem of transduction arises. The hybrid transducer (150) -
(155), four configurations of which are illustrated in Figure 11.3, is
one method whereby surface acoustic waves can be launched onto a piezo-
electrically inert substrate. Coupling to the wave is achieved through
a conventional IDT and a thin piezoelectric film deposited on the sub-
strate surface. Experimentally measured two-way electroacoustic con-
version losses as low as 12 dB, obtained with ZnO overlays on fused
silica (153) and on isopaustic glass (152) at frequencies as high as

90 MHz, are reported in the litterature. The price which must be

paid for this convenience of launching surface waves onto non-piezo-
electrics with IDTs, is a more complex fabrication procedure, which
requires the deposition of thin piezoelectric films. Further problems
associated with these transducers are frequency dispersion, if the over-
lay extends over the whole propagation path, or acoustic reflections,

if the piezoelectric film is placed only in the vicinity of the trans-
ducers.

Figure 11.4(a) shows an alternative scheme which allows surface
waves to be excited in non-piezoelectric media; this method relies upon
the scattering, into the surface mode, of a volume acoustic wave
incident upon a periodically roughened surface (60), (62), (63).
Because the surface perturbation must have a periodicity of the order
of one surface wavelength, the scheme imposes comparatively stringent
requirements upon the procedures needed to etch or to machine grooves
of specified width, depth and shape. A more convenient technique,
requiring a structure which can be fabricated by conventional photo-
lithographic processes, is sketched in Figure 11.4(b) and depends upon

the scattering, into a surface wave, of a volume acoustic wave incident
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Figure 11.3
Four hybrid transducer configurations for generating surface acoustic
waves on non-piezoelectric substrates using IDTs.

after Smith (154))
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upon ,a region of periodic mass-loading applied to the substrate surface.
The performance of this transduction scheme is analysed by Bertoni (111),
and can be calculated by the analytical steps described in Chapters

VII, VIII and IX of this thesis.

A final method, which in some situations may provide the most
attractive solution to the problem outlined at the beginning of this
section, is illustrated in Figure 11.5. This approach, which exploits
the elastic and electroacoustic anisotropy of a single crystal piezo-
electric substrate, is discussed, by way of specific example, in terms
of a Y cut quartz propagation surface. A surface wave is launched
from an IDT aligned along the X crystal axis, which has one of the
highest electroacoustic coupling factors available in a quartz crystal
(refer Figure 3.4 and section 3.524). The region of heavy periodic
surface mass-loading, which provides a perturbation wave vector of the
desired magnitude and orientation, coherently scatters almost all of
the incident acoustic energy through an angle of ninety degrees into a
surface wave propagating along the Z crystal axis. (Note that in
calculating the periodicity and orientation of the mass-loading grid
needed to achieve this scattering, account must be taken of the differ-
ent phase velocities of surface waves directed along the X and Z axes
of the Y cut crystal — refer Figure 3.4).

Detailed analysis proves, as indicated by Figure 3.4(c), that there
are no electroacoustic field components coupled to the surface wave
motion whose wave vector lies along the Z crystal axis of a Y cut quartz
substrate. Hence the arrangement of Figure 11.5 allows, in studies
of the surface wave particle motion and in related microsonic device

applications (149) of this "vibrated conducting stripe — static
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magnetic field" interaction, the measurement of generated e.m.f.s
with;ut the need of precompensation to account for the electroacoustic
fields. fhis proposal requires the selection of a piezoelectric sub-
strate which has, on a single plane surface, directions of both high
and low electroacoustic coupling, these two path-types being separated
by an angle sufficiently large to permit individual access to the
launched and scattered beams. But fortunately quite a number of com-
mon piezoelectric single crystal cuts possess these properties (24),
(25), (67) (78), (80). To off-set this restriction, the scheme offers
a method for launching surface waves onto paths of low or zero electro-
acoustic coupling using a structure which can be fabricated entirely

in the single photolithographic process required to form an IDT.

11.3 Surface Acoustic Wave Delay Line Taps.

The most commonly used tap in a surface acoustic wave delay 1line
(28), (29), (156) is the simple uniform bidirectional IDT sketched in
Figure 1.1. This transducer is analysed by Smith et al. (70), (71),
whose results are replotted in Figure 4.2, on the basis of lossless
three-port microwave junction theory. Two important sources of
aberration in these tapped delay lines are acoustic reflections at the
individual taps, and regeneration, the process whereby a signal received
at one tap is reradiated by all other receiving transducers to which
it is electrically connected in parallel. One solution to this prob-
lem is the development of tap patterns which contrive to produce
cancellation of these unwanted signals. The design of "low-noise"
tapped surface wave delay lines using this strategy can follow two

courses. Carr (157) has shown experimentally that careful attention

to the spacing of the interdigital electrodes within a tap can reduce
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substantially the amplitudes of the reflected signals. A similar
regard for the inter-tap spacings should allow significant cancella-
tion of both reflected and regenerated waves.

An alternative approach, illustrated in Figure 11.6, employs
weakly coupled periodic surface mass-loading bars as energy sampling
elements. These grids, suitably angled to the delay line axis, scatter
a small proportion of the incident surface wave energy towards a nearby
receiving IDT. Being essentially a four-port structure, and therefore
capable of lossless operation while matched in every port, the surface
mass-loading grids offer one method of breaking the nexus between
electromechanical conversion loss and acoustic reflection loss inherent
in the simple bidirectional (three-port) IDT tap (70).

The lossless three-port analysis of Smith et al. (70) predicts
zero acoustic reflection from a short-circuited IDT, As emphasised
by Auld (108) and Skeie (110), this analysis neglects the reflection
of an incident surface wave due to the presence, on the propagation
surface, of the metal fingers which introduce periodic mass and "'elastic
stiffness" loading, and "short-circuiting' of the electroacoustic
fields. All of these effects contribute to a velocity retardation
and partial reflection of an incident surface wave. The discussion’
of section 10.8 indicates that the reflection coefficient at a single
finger can be made quite small by operating on a weakly piezoelectric
substrate and by etching the transducer from a thin overlay of a
material whose acoustic impedance matches that of the substrate — e.g.
aluminium has an acoustic impedance very similar to that of quartz

(73), (144). But the quarter-wavelength electrode spacing of a
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conventional IDT is such that a normally incident surface wave at the
synchronous (centre) frequency satisfies the fundamental Bragg condi-
tion stated in equation (2.203). This means that the small amounts
of acoustic energy reflected at each finger sum coherently. In devices
employing transducers with many electrode pairs or in certain filter
designs (as discussed briefly in the following section) requiring long
interdigital electrode structures, a reflected surface wave of con-
siderable amplitude can result.

In order to determine the deterioration of IDT performance or
the aberrations in frequency response of an "apodized comb" surface
wave filter (26) caused by this unwanted reflected signal, its ampli-
tude must be calculated. When the dominant contribution to the re-
flected surface wave arises from the mass-loading effect of the fingers,
as may be the case on a substrate possessing low piezoelectric coupling,
the analytical expressions derived in Chapter IX can be used to cal-
culate the reflected to incident wave amplitude ratio. On strongly
piezoelectric materials, where the periodic "short-circuiting” of the
clectroacoustic fields by the conducting electrodes provides a com-
parable or greater contribution to the reflected wave amplitude than
does the mass-loading interaction, computations must be based upon the

more general results of Auld (108) and Skeie (110).

Surface Acoustic Wave Filiters.
A realm in which commercial applications for surface acoustic
wave devices seem certain to be realised is filter synthesis. Surface

wave interdigital transducer structures afford a simple and convenient
technique whereby a wide variety of frequency response characteristics

including, for example, general band-pass filters (158) - (160), tele-
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vision intermediate frequency band-pass filters (27), (134), (161),
(162) and matched filters for '"chirped" radar signals (26), (34), (142)
or for coded pulse trains (28), (29), (34), (156), can be synthesised.
In these and similar applications the small surface acoustic wavelengths
ensure economy of occupied space, which in turn means small substrate
sizes and low cost. Although the most general frequency response can,
theoretically, be synthesised by carefully designed apodized IDTs (26),
(163), (164), it may well be that certain types of response — e.g.
strong band absorption or band rejection — can be provided more effic-
iently by applying a prescribed roughness profile (55), (56), (59,
(60), (63) or mass-loading perturbation (165) to the propagation surface.
The behaviour of surface acoustic wave filters constructed using a
surface roughness interaction can be assessed from the one-dimensional
results plotted in Figures 2.1 and 2.2 (59), (60), (63). At the
roughened surface an incident surface wave is scattered, over a selected
frequency range, into volume modes, which can be absorbed at some dis-
tance from the free surface. Surface wave filters synthesised by the
addition, to the propagation surface, of a prescribed mass-loading dis-
tribution, whether the frequency selectivity be due to reflection of

an incident wave, or to scattering into volume modes, can be designed .
to meet specified responses through the analytical techniques of Chap-
ters VI to IX. Sittig and Coquin (165) have conducted preliminary
theoretical and experimental studies of a surface wave delay line which
achieves a linear frequency dispersion relation through the reflection
of an input wave at mass loading elements deposited at selected points

on the substrate surface. But the possibility of developing surface



11.5

240.

acoustic wave filters, with specified frequency responses of a more
general form, using one of the aforementioned mechanisms which entail
perturbing, by surface roughness or mass-loading, the propagation sur-

face, remains to be explored.

Surface Acoustic Wave Reflectors.

The reflection of acoustic surface waves at periodic structures,
which leads to spurious signals and a departure from ideal performance
in IDTs, "apodized comb" filters and tapped delay lines, may be en-
couraged in other microsonic device applications (71), (119), (121),
(166).

Until recently the two effective techniques by which a surface
acoustic wave could be reflected with tolerable loss were from an IDT,
inductively tuned to provide a high quality factor (71), when the sub-
strate is moderately to strongly piezoelectric, or from a carefully
machined slot or crystal edge (99) - (101), (167), (168); both of these
methods yield strong reflection over only narrow bandwidths. The re-
flection of surface waves at single boundaries in layered media had
also been observed (169), (170), but this approach did not offer any
significant practical advantages. A new version of the multi-strip
coupler tested by Marshall et al. (121), (138) proves a most convenient
method for reflecting surface waves over broad bandwidths. But 1like
the MSC, this component functions effectively only on substrate mater-
ials with high electroacoustic coupling constants.

That surface acoustic waves can be strongly reflected, over use-
ful bandwidths, from regions of periodic surface mass-loading is demon-

strated adequately by the experimental results plotted in Figure 10.16.
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Such, a reflector has many applications to microsonic component designs,
the more significant of which are discussed below.

11.51 Unidirectional Surface Acoustic Wave Transducers.

Most unidirectional IDT designs require either a tuned interdigital
array to redirect the backward-launched surface wave (71), or a bi-
phase (119) or a tri-phase (120) driving circuit and/or an electrode
pattern considerably more complex than the simple bidirectional array
for their operation (70), (71), (119), (120); in these schemes unidirec-
tional transduction is achieved usually at the price of a reduced band-
width. The MSC reflector (121), (138) allows the design of a unidirec-
tional transducer with a bandwidth only marginally less than that of
a bidirectional array (70), (71) but which is suitable only for strongly
piezoelectric substrates.

Figure 11.7(a) illustrates how a normal-incidence surface wave
reflector, formed from a grid of surface mass-loading bars spaced at
one quarter wavelength, can redirect the reverse-propagating wave
launched from a bidirectional IDT to create a unidirectional transducer.
In this role the mass-loading interaction offers an advantage over the
commonly employed high Q interdigital transducer, in that it.requires
no external circuit elements, and over the MSC reflector, in that it.
is not 1limited to operation on materials exhibiting high electroacoustic
coupling.

11.52 Long Surface Acoustic Wave Delay Lines.

At present four techniques are available for obtaining long signal
delay times using surface acoustic waves propagating on a single sub-

strate of finite dimensions. The first allows a wave to travel around
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the perimeter surface of a suitably shaped single crystal (31) - (33)
(the singlg crystal material being necessary to provide low acoustic
propagation loss). Problems associated with this arrangement include
the continually changing effects of anisotropy on the propagating wave
as it travels around the curved ends of the crystal, the stringent
requirements of machining the block profile to avoid end reflections,
and the fact that this structure does not adhere to the concept of a
planar surface wave device technology. A second method employs a
coiled surface wave thin film strip guide (30), (48) - (50); prototypes,
fabricated from a thin gold overlay deposited upon a fused quartz sub-
strate, have been tested in the 10-20 MHz frequency range (30).
Although difficulties with spurious signal interference and high pro-
pagation loss did not arise in these low frequency experiments, there
is no guarantee that they, coupled with frequency dispersion, will not
introduce serious design problems at higher frequencies.

The third approach depends upon multiple reflections of the launched
surface wave at the edges of the crystal or from slots formed in the
propagation surface (99) - (101), (166) - (168). Here the primary
limitations are the demands placed upon machining or etching of the
single crystal material, and the fact that operation must be restricted
to a narrow bandwidth to avoid losses due to mode conversion or to the
propagation of the incident wave around the crystal edge or slot (167).
A fourth technique is offered by the "reflecting track-changer™ studied
recently by Marshall (138). This device combines the properties of
the MSC and its associated reflector to enable the reflection of an

incident surface wave onto a path adjacent to the input path. The
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disa@vantages of the "track-changer" are that it occupies a compara-
tively large length of the propagation path and, in common with other
members of this family of devices (121), (136) - (140), it requires a
substrate with a large electromechanical coupling constant for practical
implementation. A further undesirable feature of this design is that
the experimentally recorded loss of approximately 2-3 dB (138) (over
a 50% bandwidth centred on 80 MIz) for each change of track is quite
high when long delay lines, involving several such manoeuvres, are
sought.

Figure 11.7(b) shows how periodic surface mass-loading grids might
be used to reflect an incident surface acoustic wave and thus to fold
a delay line path so that full advantage can be taken of the available
substrate surface area. The experimental results presented in Figure
10.16 indicate a loss of only 0.43 dB, but this value has been calcul-
ated from the practical measurements in a manner which assumes a loss-
less coupling mechanism. It may be that the acoustic losses, due to
scattering of the incident surface wave into volume modes, which the
results of section 10.3 demonstrate are small for weak coupling situa-
tions, become more significant for interactions at regions of very
heavy periodic surface mass-loading; this would increase the calculated
loss of 0.43 dB per reflection, The most serious disadvantage of the
system sketched in Figure 11.7(b), is that for signals in the form of
carrier frequency pulses, the pulse is lengthened by (N - 1) cycles
on reflection from an N-element grid (refer section 10.4). This
unwanted property, which is shared by the MSC '"track-changer', places

an upper 1limit upon the bit-rate which can be achieved in a given
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situation — i.e. for a specified carrier frequency pulse length, num-
ber of reflections and number of mass-loading bars in each reflector.

11.53 Surface Acoustic Wave Resonators.

Because steps towards the development of high efficiency surface
wave reflectors, independent of external circuit elements, have been
reported only recently (112), (121), (126), the few .surface wave reson-
ator designs which have been proposed (32), (33), (52) depart from the
usual concept of a "cavity" defined by two end reflectors. Knox and
van den Heuvel (52) describe experimental measurements made with a
thin film "ring guide" resonator, which operates in a similar fashion
to the separated double guide coupler (49), (51) illustrated in Figure
11.1Ca). Energy is coupled from a main surface acoustic waveguide
into an adjacent closed-loop guide at those frequencies for which
the circumference of the latter is an integral number of surface wave-
lengths. An unattractive feature of this design is that the ring
guide must be many (e.g., ninety) wavelengths long to ensure a suffic-
iently large radius of curvature and hence low-loss propagation. In
addition it poses the problem, noted earlier in relation to the thin
film strip guide directional couplers, that if IDTs are to be used
for transduction, an effective means of focussing the broad launched
acoustic beam onto the narrow guiding structure must be found. Re-
circulating surface wave delay iines, of the type in which the signal
propagates around the perimeter surface of a specially shaped crystal
(32), (33), provide an alternative technique for resonator fabrication.
But in this role the three disadvantages, listed in section 11.52,

which 1limit their appeal in the development of long delay lines still
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appl&.

Figure 11.7(c) shows how two surface wave reflectors, which may
be of a periodic mass-loading or an MSC style (121), can be arranged
to form a resonator. Once more the mass-loading grid offers the
advantage that it operates on a wider variety of substrate materials.

11.54 Position Encoding in a One-Port Surface Acoustic Wave Device.

A multi-tap surface acoustic wave delay line, (the taps being
identical bidirectional IDTs), in which all taps, including thé array
which launches the input wave in a conventional tapped delay line
(28), (29), (156), are connected in parallel forms a one-port network
(171). When excited by a carrier frequency pulse of short duration
this device responds, a few microseconds later, by inducing a voltage
pulse train across the source resistance. The position, in time, of
each reply pulse is determined by the relative spatial location of
the transducers in the one-port delay line; detection of the response
pulse train provides an unambiguous method for identifying the activ-
ated line. In practice the "basic" reply pulse train is complicated
by unwanted signals resulting from the processes of acoustic reflec-
tion and regeneration which occur, as discussed in section 11.3, at
each bidirectional IDT tap.

An alternative design for such a one-port surface wave device is
sketched in Figure 11.7(d), which shows that input/output access is
obtained through a bidirectional IDT, and the reply sequence is gener-
ated by partial reflection of the launched wave from suitably placed
regions of periodic surface mass-loading. Secondary reflections are

the major source of spurious pulses in this structure, but these are
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fewer in number than the aberrations encountered in the one-port tapped
delay line described above; this improved behaviour can be expected
because there is no effect analagous to "regeneration'" with surface
mass—-loading taps.

Summary and Conclusions.

This thesis has been concerned principally with a theoretical
and experimental study of scme important aspects of the behaviour of
a surface acoustic wave incident upon a region of periodic surface
mass-loading deposited upon the propagation surface. In particular
attention has been focussed upon that range of frequencies for which
the wave vector of the incident signal and of the surface perturbation
satisfy, or nearly satisfy, the first order Bragg relation; under these
éonditions a strong interaction occurs, and a surface acoustic wiva ot
large amplitude is coherently scattered from the perturbed area of the
substrate surface. But in investigating this topic, contributions to
several other facets of surface wave technology have been made.

The results plotted in Figures 2.1 and 2.2 provide, for the first
time (60), (63), theoretical verification of previously published
experimental measurements (59) of surface wave attenuation, due to
scattering into volume modes, at a periodically roughened surface.

An analysis of surface acoustic wave propagation in anisotropic and
piezoelectric single crystals, as presented in Chapter III, has allowed
two computer programmes, of widespread utility, to be developed.
Program "Anisom" is able to compute numerical data which completely
characterises surface wave motion in any direction on a surface of any

orientation cut from any non- (or weakly-) piezoelectric single crystal
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material; program "Pianm" returns similar information describing sur-
face wave .propagation on the paths of a piezoelectric single crystal
medium. These computer programs are of considerable value in assessing
the utility of a substrate for a particular microsonic device applica-
tion. The analytical curves of Figure 3.5, plotted from data output
by "Anisom" and "Pianm" summarise the properties of surface acoustic
waves propagating on an AT cut quartz crystal. This particular cut,
which has been widely employed in volume mode oscillators and trans-
ducers (89), has been overlooked generally in surface wave studies
until now. Analysis, and the experimental results contained in sec-
tion 4.4 which provide partial confirmation of the theoretically cal-
culated behaviour, disclose that the AT cut crystal offers some
attractive features, with regard to surface wave component design, not
found in other cuts of quartz more frequently used in microsonic devices
(24), (67).

These properties of AT cut quartz have been exploited, in Chapter
V, to design a surface acoustic wave crossbar directional coupler, in
which the coupling mechanism is obtained by periodically mass-loading
the substrate surface. Methods of electromagnetic microwave analysis
and their application to electroacoustic propagation structures have
received considerable attention in the litterature (106) - (114). But
it is hoped that the presentation of this topic in Chapter VI has
contributed to an improved understanding by placing the work of other
authors (106) - (111), (114) in perspective with each other and with
the approach of the current investigation (112), (113). The following
chapter has adapted these analytical techniques, derived in the context

of an electroacoustic waveguide, to a study of a surface situation.
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A noyel viewpoint, developed jointly at an earlier stage of the re-
search programme (112), (113), invokes quantum mechanical and scattering
matrix concepts to simplify calculations of the coupled wave amplitudes
launched by the interaction of a surface acoustic wave and the mass
loading perturbation upon which it is incident.

Chapters IX and X have described detailed original investigations,
both theoretical and experimental, of the surface acoustic wave cross-
bar directional coupler. A comparison of the two sets of results has
indicated close agreement between the behaviour of the coupler as pre-
dicted from an analytical model, and as measured in practice. Con-
sideration has been given, in the final chapter, to the many potential
surface acoustic wave device applications of the periodic surface mass-
loading interaction. The discussion, which has compared the projected
device performance with that of existing designs, has included surface
wave directional couplers, delay line taps, filters, and reflectors;
it has been noted that the latter lead to new techniques for fabricating
unidirectional transducers, folded delay line paths, resonators and
one-port networks, and to a method whereby surface waves of large ampli-
tude can be steered into paths of low electroacoustic coupling.

Tt is felt that this work represents a significant step towards
the realization of an integrated surface acoustic wave technology,
principally because it demonstrates a technique for signal processing
operations, such as coupling, power splitting and filtering, which can
be implemented by means of suitably designed thin film overlay structures
deposited upon piezoelectric or non-piezoelectric materials. In this

way these functions can be performed by microsonic devices whose con-
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struction requires only the normal photolithographic procedures used

in IDT fabrication, and in no case does the interaction mechanism need

external circuit elements.
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APPENDIX I,
COMPUTER PROGRAM "ANISOM"

Contents of Appendix.

Page Contents

Al.2 Introduction

Al.3 Flow chart of "Anisom'

Al.4, Al.5 Output from "Anisom" describing a surface

acoustic wave propagating, with a positive

x wave vector component (i.e. resolved

along the X crystal axis) at an angle of

+34° to the X crystal axis on AT cut quartz.
Al.6, A1.7 Output from "Anisom'" describing a surface

acoustic wave propagating with a negative

x wave vector component at an angle of

+34° to the X crystal axis on AT cut quartz.
Al1.8, Al1.9 Output from "Anisom" describing a surface

acoustic wave propagating with a positive

x wave vector component at an angle of —34o

to the X crystal axis on AT cut quartz.
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Intrpduction

"Anisom" is a general purpose’computer program developed to analyse
surface acoustic wave propagation on any non— (or weakly-) piezo-
electric single crystal surface. The program, which neglects piezo-
electricity, can characterise the wave motion in any direction on a
surface of any orientation cut from a crystal belonging to any elastic
symmetry class. Typical data outputs are illustrated in later pages
of this appendix by focussing attention upon the particular case of a
surface wave propagating at t340 to the X crystal axis on AT cut quartz.
The (X,Y,Z) coordinate System referred to in these print-outs is the
propagation coordinate system, (i.e. not the crystal axes), which is
chosen so that the wave travels in the X direction on the surface
Y = 0, and the medium occupies the region Y >O0. Hence the particle

displacement amplitude coefficients, (refer section 3.22, equation

(l)’ C (2)’ c (3), c (l),
X y

i Only the output format has been changed from the listing of

(3.224)), are listed in the order Cx
c 3
z

"Anisom" supplied previously (79).
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Flow Chart of Program Anisom.
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PROGRAM ANISOM=RESULTS FOR FREE AT CUT QUARTZ SURFACE
ANGLE BETWEEN WAVE VECTOR AND X CRYSTAL AxIS= 34DEGREES

SURFACE WAVE PHASE VELOCITY= 3251.0M/SEC,

SURFACE WAVE DECAY CONSTANTS

REAL IMAG
J=1 1.235E=01 =2.620E-02"
J=2 44750E-01 =1.138E-01
J=3 1.670E+00 =5.821E=-02

PARTICLE DISPLACEMENT AMPLITUDE COEFFICIENTS

X COMPONENT
1,000E+00
-60432E_01
~2.8%2E+00

OMPONENT
1,097E+01
3.769E=01
=6,332E=01

OMPONENT
~6,016E+00
3,630E+00
=3.541€£~01

nuu
W OWNN= OWIMN -

CcecoeNcce Lo o

==2.496E+00
1.072E+01
==2.739E+00

0.
2.967E=02
“6.232E*00

-5,846F+00
2+494E-01
4+362E=01

2:519E+00
4-799E'01
-3,001E-02

FREE SURFACE PARTICLE DISPLACEMENT AMPLITUDES
X COMPONENT
Y COMPONENT =
Z COMPONEMT

~6.202E+00
=5.,160E+00
2969E+00
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FREE SURFACE PARTICLE DISPLACEMENT AMPLITUDES
ABSOLUTE VALUES

X COMPONENT = 6,685E+00
Y COMPONENT = 1.190E+01
Z COMPONENT = 4,040E+00

COMPLEX POWER FLOW COMPONENTS
LONGITUDINAL= 2,137E+13 =2.068E+11
TRANSVERSE= 4.811E+09 =3.400E+11

MISALIGNMENT ANGLE= +0129DEGREES
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PROGRAM ANISOM=RESULTS FOR FREE AT CUT QUARTZ SURFACE
PROGRAM MODIFIED TO EXAMINE THE REVERSE PROPAGATING WAVE
ANGLE BETWEEN WAVE VECTOR AWND X CRYSTAL AXxIs= 34DEGREES

SURFACE WAVE PHASE VELOCITY= 32514 0M/SEC,

SURFACE WAVE DECAY CONSTANTS

REAL IMAG
J=1 1.235€=-01 2.620E=02
J=2 44750E=01 1.138E-01
J=3 1.670E+00 5.821E-02

X COMPONENT

1.072E+01
=2+ T39E+00

nuni

PARTICLE DISPLACEMENT AMPLITUDE COEFFICIENTS

J=1 1.000E+00 0

J=2 ~64432E=01 =2.967E=02
J=3 =2.852E+00 6+232E+00
Y COMPONENT

J=1 1.097E+01 5.,846E+00
J=2 3.769E-0)1 =2+494E-01
J=3 ~6+332E=01 =4¢362E-01
Z COMPONENT

J=1 -6.016E+00 =2.519E+00
J=2 3.630E+00 <=4.T799E~01
J=3 ~3.541E=01 3«001E-02

FREE SURFACE PARTICLE DISPLACEMENT AMPLITUDES
X COMPONEMT ==2.496E+00
Y COMPONENT
Z COMPONENT

('\'EQEF*OO
5,160E+00
-2,969E+00
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FREE SURFACE PARTICLE DISPLACEMENT AMPLITUDES
ABSOLUTE VALUES

X COMPOMENT = 6.68SE+00
Y COMPONENT = 14190E+01
Z COMPORMENT = 44040E+00

COMPLEX POWER FLOW COMPONENTS
LONGITUDIMAL= 2.137E+13 2.068E+11
TRANSVERSE= 4+811E+09 3.400E+11

MISALIGNMENT ANGLE= « 0129DEGREES
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PROGRAM ANISOM=RESULTS FOR FREE AT CUT QUARTZ SURFACE
ANGLE BETWEEN WAVE VECTOR AND X CRYSTAL AXIS==34DEGREES
SURFACE WAVE PHASE VELOCITY= 3251,0M/SEC,

SURFACE WAVE DECAY CONSTANTS:

REAL IMAG
J=1 1.235E=01  2,620E=02
J=2 4sT50E=01  1,138E~0]
J=3 1.670E+00  5,821E~02

X COMPONENT

=m24496E+00

PARTICLE DISPLACEMENT AMPLITUDE COEFFICIENTS

J=1 1,000E+00 o0,

Je2 »64432E~01 =2,967E=02
J=3 »20852E+00  6,232E+00
Y COMPONENT ]

J=1 =1,097E+0] =5,846E+00
J=2 »3,769E-01  2,494E=01
J=3 6,332E-01  4,362E01
Z COMPONENT _

J=1 6,016E+00 2,519E+00
J=2 ~3,630E+00 4,799E=0}
J=3 3,541E=01 <=3,001E-02

FREE SURFACE PARTICLE DISPLACEMENT AMPLITUDES
X COMPONENT
Y COMPONENT ==~1,072E+01
Z COMPONENT = 2,739E+00

6.202E+00
~5,160E+00
2.969E+00
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FREE SURFACE PARTICLE DISPLACEMENT AMPLITUDES
" ABSOLUTE VALUES

X COMPONENT = 6,685E+00

Y COMPONENT 1.150E+01

Z COMPONENT 4+040E+00

COMPLEX POWER FLOW COMPONENTS )
LONGITUDINAL= 2,137E+13  2,068E+1])
TRANSVERSE==4,811E+09 =3,400E+]11

MISALIGNMENT ANGLE= =,0129DEGREES
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APPENDIX II
COMPUTER PROGRAM '""PIANM"

Contents of Appendix

Contents

Introduction

Flow Chart of "Pianm"

Output from "Pianm" describing a surface
acoustic wave propagating with a positive
x wave vector component (i.e. resolved
along the X crystal axis) at an angle of
+34° to the X crystal axis on a free AT cut
quartz surface.

Output from "Pianm" describing a surface
acoustic wave propagating with a positive
x wave vector component (i.e. resolved along
the X crystal axis) at an angle of +34°

to the X crystal axis on an ideally metallised

AT cut quartz surface.
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Introduction.

"Pianm" is a general purpose computer program developed to analyse
surface acoustic wave propagation ;n any piezoelectric single crystal
surface. This program, which takes account of the piezoelectric and
dielectric properties of the medium, can characterise the wave motion
in any direction on a surface of any orientation cut from a crystal
belonging to any elastic symmetry class. Typical data outputs are
illustrated in later pages of this appendix by using "Pianm" to examine
a surface wave travelling at +34° to the X crystal axis on AT cut quartz;
the wave vector has a positively directed component resolved parallel
to the X crystal axis. Section 3.4 and the original program listing
(79) indicate the minor modification which must be made to the computa-
tional procedure to allow "Pianm" to analyse propagation on the "ideally
metallised"™ piezoelectric surface. Details of surface wave motion on
both the "free" and the "coated" surface, in the abeove situation, are
provided in this appendix. The coordinate and amplitude coefficient

notation is as established in Appendix I, except that in this piezo-

electric analysis four decay constants, OéJ), and four amplitude
coefficients, Ci(J), are found for each component of the particle dis-
placements; in addition there are four coefficients, C4(J), which describe

the scalar electric potential, #l(equation 3.323). The only changes
in the version of "Pianm" which produced the outputs on the following
pages and that for which listings have been presented previously (79)
are that the computational procedures have been extended, in the style
of "Anisom", to calculate the misalignment angle between the wave and

power flow vectors and the output format has been improved.
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Flow Chart of Program Pianm

Insert glastic, piezoelectric and
dielectric constants of material.

Transform elastic, piezoelectric,
and dielectric constants from
crystal axes coordinate system to
propagation coordinate system.

Select a trial value of surface

wave phase velocity.
le

7
Set up, via the equations of motion,
the eighth order polynomial in the

decay constants, CK(J).

\:

Solve the polynomial for 'X(J),
j=1,2,~—m—m e 8.

4
Test if four 053)
real parts.

have positive

Select new trial
value of surface
wave phase velocity.

No

Yes |,

Select four cx(J) with positive
real parts and determine, from
equations of motion, the amplitude

ratios, ﬁ%FJ), corresponding to
each o&J)..

Calculate the value of the boundary
condition determinant.

[Test if this value is zero. }

No

Yes

Have correct velocity. Calculate

amplitude coefficients, B(J), and

hence the Ci(q) from boundary

condition equations.

)

[ Calculate components of power flow. |

Calculate misalignment angle between
wave and power flow vectors.

!

End
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PROGRAM PIANM=RESULTS FOR FREE AT CUT QUARTZ SURFACE
ANGLE BETWEEN WAVE VECTOR AND X CRYSTAL AXIS= 34DEGREES
SURFACE WAVE PHASE VELOCITY= 3264.4M/SEC,

SURFACE WAVE DECAY CONSTANTS

REAL IMAG
J=] 1.245E=-01 =2,021E=02
J=2 4+788E=01 =~1.163E=01
J=3 9,885E=01 ~2,871E=02
J=4 1.667E+00 =3.657E=02

PARTICLE DISPLACEMENT AMPLITUDE COEFFICIENTS

X COMPONENT

FREE SURFACE PARTICLE DISPLACEMENT AMPLITUDES

J=1 1,000F+00 0.

J=2 ~6.172E-01 5.373E=-02
J=3 1:848E=01 =9,458E~02
J=4 =34679E+00 -6.647E+00
Y COMPONENT

J=] 1.182E+01 =6,775E+00
J=2 3.,455E=0] 1.523E=01
J=3 2e317E=03 =1.566E=01
J=4 ~6+639E=0} 5.925E~01
Z COMPONENT

J=1 ~6,131E+00  2,934E+00
J=2 3.600E+00 2.289E=01
J=3 3e424F=01 1+463E-0]
J=4 '50196E'01 =5.,953E=02
ELECTRIC-POTENTIAL

J=1 44074E+10 =1.001E+10
J=2 -10263E+10 101995*09
J=3 -50653E+10 ~2:946E+10
J=4 4.114E+10 1.393E+10

X COMPONEMNT ==3.111E+00 =6.688E+00
Y COMPONENT = 1,150E+01 =6,187E+00
Z COMPONENT ==2,709E+00 3+250E+00

ELECTRIC POT= 1.272E+10

=2.434E+10



A2.5

PARTICLE DISPLACEMENT AMPLITUDES AT SURFACE
ABSOLLUTE VALUES

X COMPONENT = T.376E+00
Y COMPONENT = 1,306E+01
Z COMPONENT = 4.,231E+00
ELECTRIC POT= 2.747E+10

COMPLEX POWER FLOW COMPONENTS
LONGITUDIMAL= 2.530E+13 =2.232E+11
TRANSVERSE= 1.855E+411 =64.230E+11

MISALIGNMENT ANGLE= +4201DEGREES
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PROGRAM PIANM=RESULTS FOR IDEALLY METALLISED
AT CUT QUARTZ SURFACE

ANGLE BETWEEN WAVE VECTOR AND X CRYSTAL AXIs= 34DEGREES

SURFACE WAVE PHASE VELOCITY= 3261.9M/SEC,

SURFACE WAVE DECAY CONSTANTS

PARTICLE DISPLACEMENT

REAL IMAG
J=1 1,262E-01 =2.,017E=02
J=2 4,801E-01 =~1.164E=01
J=3 9.885E=01 =2.870E-02
J=4 1.667E+00 =3.657E=02

X COMPONENT

ELECTRIC POT=~1,144E+07

J=1 1.000E+00 0. |
J=2 -6,025E=-01  1.830E-02
J=3 1,387E=01 =1.765E=01
J=b ~3.694E+400 =644T2E+00
Y COMPONENT

J=1 1,179E+01 =6.881E+00
J=2 3.257E-01  1.654E=01
J=3 ~6.861E=02 =1,551E=01
J=4 —6.433E-01  5.897E=01
Z COMPONENT

Y5k —6,095E+00  2.971E+00
J=2 3.487E400  4.203E-01
J=3 4e036E=01 =1.124E=02
J=4 -5.101E=01 =5.120E=02
ELECTRIC POTENTIAL

J=1 440TTE+10 =1,020E+10
J=2 ~1.237E+10  4,695E+08
J=3 ~6,893E+410 ~3.375E+09
J=4 44051E+10  14313E+10

PARTICLE DISPLACEMENT AMPLITUDES AT

X COMPONENT ==3.158E+00 =6.630E+00
Y COMPONENT = 1,140E+0) ~6.281E+00
Z COMPONENT ==24715E+00 3.329E+00

2.692E+07

AMPLITUDE COEFFICIENTS

SURFACE
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PARTICLE DISPLACEMENT AMPLITUDES AT SURFACE
ABSOLUTE VALUES

X COMPONENT = T7,344E+00
Y COMPONENT = 1,302E+01
Z COMPONENT = 4,296E+00
ELECTRIC POT= 2,925E+07
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APPENDIX III.
THE ORTHOGONALITY OF SURFACE NORMAL MODES

Problem Statement

The context in which this problem arises is detailed in section
7.3, case 3. Figure A3.1 establishes the coordinate notation to be
used in this derivation - it should be noted that the present notation
differs from that shown in Figures 7.2, 7.3 and 7.5 of the main text.

Two surface acoustic modes, m and n, whose wavé vectors are /%n
and ﬁ%, are propagating on an elastically isotropic medium, so that

Il3m| = I[f)n| : The components of these wave vectors, resolved parallel

to the periodic boundaries, must be integral multiples of 2T1/L, where
L is the length of a side of the periodicity square. In the particular
case under consideration, the components of the wave vectors of modes m
and n, resolved parallel to Xy differ by a non-zero multiple of 2Ti/L;
i.e. (pmxl - pnxl) = n277/L  n# O
The wave vector components of these modes resolved parallel to x3, do
not so differ. When the medium is isotropic, the only way in which
this situation can arise is that depicted in Figure A3.1 - %3mx1 and
;anl are equal in magnitude, but oppositely directed, while /3mx3 and
f%nx3 are identical in both magnitude and direction.

Tn order to establish an orthogonality relation for modes m and

n it is necessary to prove that

- * — * -
/s ( 'im. v 1;n " \’rvm).dNSl 0 (A3.001)
1 SR

where the surface Sl consists of Sa and Sb, the periodic boundary sur-
faces parallel to X3 and Xy respectively, and normal to the propaga-

tion surface.
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Periodic Boundarie

Figure A3.1

Wave vectors of normal surface modes in orthogonality
derivations.
Case 3: Modes m and n differ in only one wave vector
component by a non-zero multiple of 2 /L.

(Isotropic medium assumed).
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Terms of the integrand of the expression (A3.001) have an
exp [?(ﬁ;nxl - mexl)xl] variation, which provides a spatial dependence
of the form exp [j ZTTnxl/L] , and thus determines that

(-T . v - T* v).ds = 0 (A3.002)
S ~f ~ él L b

~

But the same terms also have an exp [J (/3nx3 - fsmx3)x3] variation,
which exhibits no spatial dependence upon the X3 coordinate, so that

no correspondingly simple deduction of the result for jg can be made.
a

To complete a proof of the orthogonality relation for modes m and n,

it remains to show that

/ (T .v* - 7% v)xds = 0
S

where k is a unit vector along the X, coordinate axis.

The first term of the integrand can be expanded as (A3.003)

EST Zm "Nn* = [Tu] m [Vl*]n * [le] m ["zﬂ n’ [T13] m ["3*]n
where the stress components, Tij’ and velocity components, \FE are those
of modes m and n referred to the x:.L coordinate system; i.e. not to the
propagation coordinate system for each mode. Once again the square
brackets and mode number subscripts are used to denote field quantities
due to the various modes.

The first task then is to determine expressions for the stress
components, Tll’ le, T13, and the velocity components Vi Voo Vas in
the x; coordinate .system, of a surface acoustic wave propagating at

an angle X to the x, coordinate axis, on the surface x, = 0 (refer

1
Figure A3.1),



A3.4

t

. A propagation coordinate system X, s in which the stress compon-

ents, Tij ., and velocity components, v, , are known through the equa-

tions of section 3.1, is introduced. As sketched in PFigure A3.2, the
1]

x5 coordinate system is rotated an angle X, about the X, axis, from

the x; coordinate system. The required stress and velocity components

can be calculated through the usual tensor transformations

Tii = %% %15 T
- (A3.004)
and vi = aki vk
where a,. = cos X 0 -sinX
ki
0 1 0
sin X 0 cos X
These transformations determine that
: 2 ! . v 2
Tll = Tll cos X_ + 2T13 cos X sin X+ T33 sin™X
le = le cos X + T32 sin X . (A3.005)
T = T cosX sinX + T (coszx - sinzx )+ T i T He et
13 11 13 33
and
v, o= oV cos?C - v, sinX
Vz = v2 (A3.006)
v, = v, sinX + v, cosX

3 7 1 3
By simple direct substitution from equations (3.151) and (3.152)

into (3.122) and finally into (3.121), it can be shown that a surface

U

acoustic wave propagating in the X1 direction on the isotropic surface

x, = 0 has the following properties;
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Propagation coordi-
nate system for mode

‘m

Figure A3.2
Coordinate notation for surface normal mode ortho-

gonality derivation (case 3).



. 1 vz =Ty3 =Ty =0
2. T11 and T33 are in phase with vy - (A3.007)
3. le is in phase with v, -

When coupled with property 1 above, the field expansions (A3.005) and
(A3.006) allow (A3.003) to be written in the form

sin2 X] m

kTT v* [v*
~ m n l
z L

2
cos X]n [Tll cos X+ T33

+

[Vz*]n [Ty, cos X]n .
(A3.008)

v ¥sin X -T. cosXsinX + T, cosXsinX
1 n[ 11 33 m

+

where the primes have been removed from the field quantities on the
right hand side of the relationship, but these are assumed to be

calculated in the X, propagation coordinate system.

Figure A3.1 indicates that

N - a0 - X,
so that
[cosX]n = - [cosX]m = -cosX
(A3.009)
and [sinX]rl = [sinX]m = sinX

These results allow equation (A3.008) to be rearranged as

kT 'Lm V’\p)lé = —[vl*] 0 cosX{[Tll} N coszx+ {T33] m sinZX}
+[v2*] n [le] m cos X
+[vl*]n sinZXcosX {— [Ill] - [T33_J m} (A3.010)

Through equations (A3.005), (A3.006) and (A3.007) the second term

1

in the integrand of equation (A3.002) can be expanded to obtain
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T, % o [ " 2 * .2
Jk 'I;n ‘Lm = | v |p cosX{ T11 ]n cos” X+ [T33 ]n sin X}
- [v ] * )4
‘vz. n [le ] n cos
+ nv 1 sin2><cos>( [T *] - [T *] (A3.011)
l 1] m 11 n 33 n i

where the results of (A3.009) have been used to simplify the expression.
Modes m and n have identical acoustic fields when the medium

is elastically isotropic, so that
[Zq) m = [ Toq]
pgl m pgl n

and [vp]m = [vp]n

In particular, mode numbers m and n can be interchanged in equation
(A3.011). Furthermore, because of the phase relationships, outlined
in (A3.007), which pertain in isotropic surface acoustic wave propaga-
tion, the right hand side of equation (A3.011) is real, and therefore
its complex conjugate can be taken without invalidating the equation.
Hence interchanging mode numbers m and n in equation (A3.011),
and taking the complex conjugate of the right hand side shows; when
coupled with equation (A3.010), that
kT T v * + kT T * v = 0 (A3.012)
~ mon ~ n m

~ ~
-~

from which can be deduced the required result that

¥
(T . v - T*.,v)ds = 0
S m n n m a

~ ~ ~
~ ~ b

Q.E.D.
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