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sity of Technology in collaboration with Thales Microsonics SA (presently Temex Mi-
crosonics) SAW Design Bureau and GVR Trade SA, Neuchéatel, Switzerland, CMAP/
Ecole Polytechnique, Paris, France, and RF SAW, Inc, Richardson, TX, USA. In par-
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During the years spent in the Materials Physics Laboratory, I have been privileged
to work in an inspiring and dynamic environment with the atmosphere tuned by a
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Physics Laboratory. Janne Salo is thanked for being, for me, an incarnation of a
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enjoys his life irrespective of his whereabouts. Johanna Meltaus is thanked for her
exemplary calm and for adding the feminine touch preventing the rest of us from
turning into a horde of savages. Olli Holmgren is recognized for his impregnable
devotion to physical excercises, which lead him to encourage all the laboratory crew
to keep fit. Kimmo Kokkonen, a wizard with an amazing spectrum of insight into
all possible experimental puzzles, is thanked for sharing his philosophical views and
plenty of less organized ideas with our team. Pasi Tikka, is acknowledged for his
capability to execute any plan faster than anybody else I ever met.

In addition to the SAW group, colleagues specializing in optics and theoretical
materials physics have witnessed me struggle to find my way. Joyous moments were
passed with my former roommate Sergei Popov, who taught me the poetry of Lermon-
tov. I am grateful to Eero Noponen who repeatedly and calmly rescued me from data
processing dead ends. Teemu Pohjola and Tero Heikkila are recognized for sending off
their families to provide premises for sauna evenings. Sami Virtanen is thanked for his
altruism, which manifested in both his generous offers to assume the position of the
driver in the sauna evenings and in his pursuance to instruct the next generation of
research students. Tapio Simula, with his full-throated laughter, together with other
young talents in the theory group, is definitely the person who has demonstrated to
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me that research may be great fun.

I wish to collectively thank my former and present colleagues, including those
already mentioned, for everyday dealings, the vivid lunch-time conversations in par-
ticular, which fairly seldom had anything to do with science.

I am also privileged for having had the opportunity to collaborate with Clinton
Hartmann, an amazingly resourceful pioneer throughout his 35-year-long career in
SAW business and one of today’s most eminent figures in the field. I wish to ac-
knowledge professor Ken-ya Hashimoto, who demonstrated his skills in cooking and
his exceptional force of mind in early-morning lessons of SAW physics. Professor
Ali-Reza Baghai-Wadji is the most hard-working person I have encountered so far,
but as he is a man with genuine enthousiasm and genious towards mathematics, the
work load appears not to be a great burden for him.

The conclusion of this work would not have been possible without generous support
from two very important characters.

I am deeply grateful to my instructor Victor Plessky, who guided me through
the research process. He is abundant in new ideas for research, he has the ability
to convey the essential to the listener and, first of all, he was always there for my
numerous questions and inquiries. Our discussions were never limited by the narrow
bounds of science. In particular, I have learned to appreciate the earthly viewpoints,
impinged with heartly sarcasm, arising from the legacy of the ideological education
obligatory in another era. It has been a great privilege and joy to work together with
Victor. I hope and trust that this Thesis is not the end of our collaboration.

As far as the practical issues of my Thesis work are concerned, I owe everything
to my supervisor, Professor Martti Salomaa. During all these long years, he has had
the resolution to encourage me to continue the work towards this goal. I dare say
that, having a history of swaying determination, I would never have come this far
without Professor Salomaa. I want to express my deep gratitude for his patience and
his numerous efforts, including the necessary threatening and bribery, in favour of me
and my work.

I would also take the opportunity to thank my family and Maija for supporting
me in this endeavour without putting any pressure on me. I thank you for your
belief in me, a belief I sometimes did not have myself. My Godfather, professor
Pekka Hirvonen, who among other things represents my first model of a person with
a doctoral degree, can take the credit for considering himself a source of an inspiration
for me. And dear sister, I hope the best of luck for you in your efforts towards your
PhD!

In this work, financial support was provided by the graduate school in Technical
Physics (Academy of Finland), Helsinki University of Technology, the Nokia Founda-
tion and the Foundation of Technology (Finland). I wish to thank all these quarters
for contributions.

Espoo, 31 August 2004
Saku Lehtonen



- vii -

List of publications

This dissertation is a review of the author’s work in the field of surface-acoustic wave

technology. It consists of an overview and the following selection of publications in
this field:

I

11

II1

IV

VI

VII

S. Lehtonen, V. P. Plessky, J. Koskela, and M. M. Salomaa, ”Second-harmonic
reflectors on 128° LiNbO3”, IEEE Transactions on Ultrasonics, Ferroelectrics,
and Frequency Control 50, pp. 972-978 (2003).

S. Lehtonen, V. P. Plessky, and M. M. Salomaa, ”Short reflectors operating at
the fundamental and second harmonics on 128° LiNbO3”, IEEFE Transactions
on Ultrasonics, Ferroelectrics, and Frequency Control 51, pp. 343-351 (2004).

S. Lehtonen, V. P. Plessky, N. Béreux, and M. M. Salomaa, ” Minimum-loss short
reflectors on 128° LiNbO3”, IEEE Transactions on Ultrasonics, Ferroelectrics,
and Frequency Control 51, pp. 1203-1205 (2004).

S. Lehtonen, V. P. Plessky, N. Béreux, and M. M. Salomaa, ”Phases of the SAW
reflection and transmission coefficients for short reflectors on 128° LiNbOj3”,
IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, (ac-
cepted).

S. Lehtonen, V. P. Plessky, C. S. Hartmann, and M. M. Salomaa, ” Extraction
of the SAW attenuation parameter in periodic reflecting gratings”, IEEFE Trans-
actions on Ultrasonics, Ferroelectrics, and Frequency Control, (accepted).

S. Lehtonen, V. P. Plessky, C. S. Hartmann, and M. M. Salomaa, ” Unidirectional
SAW transducer for gigahertz frequencies”, IEEE Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control 50, pp. 1404-1406 (2003).

S. Lehtonen, V. P. Plessky, C. S. Hartmann, and M. M. Salomaa, ”SPUDT filters
for the 2.45 GHz ISM band”, IEEE Transactions on Ultrasonics, Ferroelectrics,
and Frequency Control, (accepted).

Throughout the overview, these publications are referred to by their Roman numerals.



- viii -

Author’s contribution

The studies in this dissertion are a result of work carried out in the Materials
Physics Laboratory at Helsinki University of Technology (HUT) during the years
2000-2004. All Papers were generated in collaboration with Victor P. Plessky (Pa-
pers I-1I: Thales Microsonics, SAW Design Bureau, Neuchatel, Switzerland; Papers
III-VII: GVR Trade SA, Bevaix, Switzerland). In addition, Papers III-IV involve
cooperation with Natacha Béreux of Ecole Polytechnique, Paris, France, and Papers
V-VII are coauthored by Clinton S. Hartmann, RF SAW, Inc., Richardson, Texas,
USA. William Steichen and Marc Solal of Temex Microsonics SA (formerly Thales),
Sophia-Antipolis, France, are acknowledged for useful discussions and for conferring
the FEM/BEM software at the disposal of HUT for the simulations carried out in
this work.

The author has substantially contributed to the research in Papers I-VII. The
author has carried out the simulations of finite structures in Papers I-1I, while those
in Papers III-1V and VI-VII were executed by the developers of the numerical tool
employed. With the exception of the simulations for infinite periodic arrays in Paper
I, the author has generated the test structure input data for the numerical simulations
in the Papers and implemented the analysis methods of the measured and simulated
responses used. He has also performed all programming related to the analysis and
extracted all the results. All Papers were written by the author. The essential results
of Papers I-IV and VI-VII have been presented in the annual IEEE Ultrasonics
Symposia; those of Papers I-IV and VII by the author and those of Paper VI by
V. P. Plessky.



—iX—

Contents

Preface

List of publications

Author’s contribution

Contents

1

1.2 Substrate materials . . . . . . .. . ...
1.3 Models for the characterization of SAWs and SAW devices
1.4 Scope of the present work . . . . . . ... ... ... ...
2 Analysis of reflector gratings
2.1 Test structures . . . . . .. L
2.2 Timegating . . . . . . . . ... ... ..
2.3 Performance of a short grating . . . . . ... ... ... ..
2.4 Phases of reflection and transmission coefficients . . . . . .
3 Extraction of the coupling-of-modes (COM) parameters
3.1 COMequations . . . .. ... ... ... ... . ......
3.2 Reflectivity . . . . .. . ... L
3.3 Attenuation . . . . . . ...
3.3.1 Energy comparisons . . . . . . ... ... ... ..
3.3.2 Ratio of the reflection and transmission responses .
4 Novel unidirectional designs
4.1 Unidirectional transducers . . . . . . . . . . . . ... ...
4.2 Single-phase unidirectional transducers (SPUDTs) . . . . .
4.3 SPUDT configuration for the gigahertz regime . . . . . . .
4.4 Performance of novel SPUDT filters . . . . . . . .. . ...
5 Discussion
References

Introduction

1.1

Surface acoustic waves (SAWs) . . .. ... ... ... ..

Abstracts of Publications I-VII

Erratum for Publication I

vii

viii

W DN e

J

19
19
20
24
24
25

31
31
31
33
35

39

41

55

57






1 Introduction

Acoustic waves are displacement fields propagating in media. For human senses, a
tangible manifestation of acoustic waves in a gas is the sound in air with the displace-
ment component parallel to the propagation direction of the acoustic wave. In gases,
the matter is randomly arranged, its density is low, and the particles are free to move
in all directions. In the liquid state, the viscosity and high density of the matter
constrain the possible trajectories of the particles. Waves on the surfaces of water
systems, with the predominant component of the displacement perpendicular to the
propagation direction along the surface, serve to illustrate the propagation of acoustic
waves in liquids. In solids, the matter is arranged on the atomic level. If the energy
of a wave propagating in a solid is not sufficient to violate the limits of elasticity, the
wave does not give rise to permanent changes in the inner structure of the solid. The
propagation of acoustic waves inside a volume of solid material is difficult to perceive.
Thus, instead of directly observing bulk waves, surface phenomena are typically wit-
nessed. The most prominent—and sometimes destructive—manifestations of acoustic
waves in solids are earthquakes, originating from the movements of crustal plates due
to tectonic forces. An acoustic wave whose energy is localized near the surface of a
solid, such as the earthquake wave, is a surface acoustic wave (SAW).

1.1 Surface acoustic waves (SAWs)

Surface acoustic waves were discovered theoretically by Lord Rayleigh [1] in 1885.
The wavelength of a surface acoustic wave on a crystalline substrate is typically of
the order of 10° less than that of electromagnetic waves at the same frequency. The
contemporary discovery of piezoelectricity [2], even though the phenomenon remained
a scientific curiosity until World War I, laid the foundation of crystal acoustics. In
the first half of the 20" century, the bulk acoustic wave (BAW) applications domi-
nated. With the development of microwave technology, the exploitation of SAWs to
accomplish microwave-circuit functions gained endorsement as an attractive possibil-
ity for miniaturization in circuit design. The major breakthrough was provided in
1965 by White and Voltmer who proposed an interdigital transducer (IDT) for direct
generation and reception of SAWSs on a piezoelectric substrate [3], offering the means
for the utilization of SAWSs in high-volume applications.

In addition to the Rayleigh wave, with the vibration confined to the plane defined
by the surface normal and the propagation direction and with the amplitude of the
vibration decaying into the bulk, other surface-bound wave modes are possible in
anisotropic crystals. Experimental and numerical indications [4] suggested that in
various crystal cuts, a predominantly shear-polarized wave having a component dis-
sipating energy into the bulk may propagate. For many crystal orientations, it was
found that such a leaky wave flows parallel to the surface and that the bulk compo-
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nent is small enough such that the energy of the leaky wave is essentially concentrated
within a few wavelengths of the surface [6,7]. Leaky waves were identified by Engan
et al. [5]. Later on, another leaky surface wave mode with the main vibration com-
ponent along the propagation direction, a leaky longitudinal wave, was found [8] and
characterized [9)].

In piezoelectric materials, a mode may exist where the lattice vibration occurs
in the surface plane, orthogonal to the propagation direction with the amplitude of
the vibration decaying into the bulk. This shear-horizontal wave is often called the
Bleustein-Gulyaev wave according to its two independent discoverers [10,11].

All of these acoustic wave modes may exist in piezoelectric substrate materials
but, for practical purposes, their coupling is large enough and their attenuation suf-
ficiently small only for favourable materials properties occurring in particular crystal
orientations. The most straightforward way for the excitation of SAWs is a metallic
IDT, which is essentially an array of electrodes. For the characterization of devices
utilizing SAWSs, models describing the electromechanical coupling and the perturba-
tions due to the electrodes are required. In the following, single-crystal substrate
materials and models proposed for the SAW technology are briefly reviewed.

1.2 Substrate materials

Crystal acoustics focused in the early days on materials research. Crystalline quartz
(Si04) was among the first piezoelectrics to be studied [2] and the first to be widely
exploited. A wealth of knowledge of solids used in ultrasonics was accumulated in
Europe, particularly in Switzerland and in Germany, summarized by Gotz [12]. The
early development of piezoelectricity and its applications [13] is reviewed in Ref. [14]
and the properties of piezoelectric materials discovered in the beginning of the 40s
are summarized in Ref. [15].

Even though SiO, is abundant in nature, there are only few regions from where
quartz crystals of considerable size and perfection could be found. By World War II,
the main supply was Brasil, and new production areas were not being found. The so-
lution to this problem and the most significant development in the research of quartz
after World War II was the introduction of an industrially viable process to generate
synthetic quartz crystals. The work, building partly on the legacy of German wartime
research efforts, was mainly carried out in the Brush Development Co. (USA), the
Bell Telephone Laboratories (USA), and the General Electric Company Ltd. (Great
Britain) [16-23]. Among other findings, the temperature-stable cuts discovered ear-
lier [24] were verified [25] and crystal imperfections studied [26,27]. Since then, several
research groups published studies of surface waves on quartz. For early work, see,
e. g., [28-33].

Quartz exhibits a low piezoelectric coupling which renders it suitable for applica-
tions requiring a narrow frequency bandwidth. Lithium niobate (LiNbO3) and lithium
tantalate (LiTaOj3) [34-36] are synthetic high-coupling materials widely used in cur-
rent ultrasonics. The properties of LiNbO3 are studied, e. g., in Refs. [37-50], and
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those of LiTaOs in Refs. [41,42,46,49-54]. In particular, the fundamental material con-
stants for LiNbOj3 are given in [39,41,45-50] and those for LiTaOj3 in [41,46,49,50,53].
Using the material data, methods for finding new crystal cuts were proposed [4,6,7,55].
For LiTaO3, the leaky-wave 36° Y-cut found by Nakamura et al. [56] was later replaced
by the 42°-cut [57]. For LiNbOgs, the YZ Rayleigh-wave cut (Y-cut, Z-propagating)
was accompanied by the 41° Y-cut [58] and 64° Y-cut [59] leaky-SAW orientations.
In addition, a Rayleigh wave with a high coupling was predicted and observed to
exist close to the 130° rotated Y-cut plane [59,60]. Further investigations led to the
discovery of the 128° Y-cut of LiNbOj3, where the coupling of the Rayleigh wave is
strong and the level of spurious signals is suppressed [61].

Other piezoelectric materials have been proposed, such as the berlinite (AIPO,) [62—
70], gallium phosphate (GaPOy) [70-74], bismuth germanium oxide (Bi;2GeOq) [75],
lithium tetraborate (Li;B,O7) [76-78] and langasite (LazGasSiO14) [79,80]. Lithium
tetraborate and langasite have piezoelectric couplings larger than that of quartz
and lower than those of LiNbOjs and LiTaOs [76,81]. They have thus been pro-
posed as substrates for intermediate-bandwidth applications. The use of Li;B4O~
is extensively covered by patents and, therefore, langasite has attracted more at-
tention recently. The fundamental constants for langasite have been published by
several authors [79, 80, 82-93], and the data has been extensively used to investi-
gate the properties of langasite for SAW applications [70, 88, 94-110]. Langanite
(LagGas5Nbg5014) [111-113] and langatate (LazGassTag5014) [114] are among the
crystal compounds that belong to the same group. The properties of the former are
reported in Refs. [70,90-93,103,107,113] and those of the latter in Refs. [90-93,103,
107,110, 115-120]. Recent discoveries include potassium niobate (KNbOs), a piezo-
electric material with crystal orientations exhibiting a very strong electromechanical
coupling [121]. Research on KNbO3 towards ultrasonic applications is still at an early
stage [122-127].

1.3 Models for the characterization of SAWs and SAW de-

vices

The analysis and design of SAW components is closely related to analyzing the propa-
gation characteristics of a surface wave in a perturbed structure. Since the treatment
of a problem of perturbations on a piezoelectric half-space is numerically intensive,
the use of rigorous models in design has been limited until recently. In device design,
the equivalent-circuit and transmission-line models used in the early characterization
work [128-132] are to a large extent replaced by the phenomenological coupling-
of-modes (COM) model [133], which was first proposed for SAWs by Koyamada and
Yoshikawa [134], later independently applied by Chen and Haus [135], and generalized
by Wright [136]. The advantages of the COM model include that the model produces
feasible results, that only few parameters are needed to characterize SAWs in a peri-
odic structure, and that the numerical operations are easy to implement and fast to
execute. The shortcomings are that the COM model is inherently one-dimensional,
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its accuracy depends on the accuracy of the input parameters, and that the model
has a limited applicability to short structures where the end effects are prominent.
The COM model was not anticipated to be usable for the characterization of leaky
waves, but it has proven to produce remarkably good results. In this context, some
improvements have been suggested to further enhance its accuracy [137].

Rigorous models, with a larger spectrum of physical phenomena related to the
distribution of the SAW field in a grating incorporated and, consequently, with better
accuracy, have been suggested. Their drawback is the considerably larger need for
numerical processing time. Approaches for solving both the Green’s function for a
piezoelectric half-space and the effects of surface corrugation analytically [138,139],
and the numerical discretization of the problem of grating structures on a piezoelectric
substrate [140,141] have been addressed.

However, the majority of efforts has been focused on determining the parameters
needed for the COM model from simulations of infinite periodic gratings. Experi-
mental techniques are likely to yield most accurate results but the dependence of the
relevant parameters on the electrode geometry and material properties renders the
task laborious and expensive. In order to save resources, several numerical approaches
have been implemented for the extraction of the COM parameters. A two-dimensional
finite element method (FEM) has been used for characterizing one period of an in-
finite structure including both the metallic grating electrode and the piezoelectric
substrate [142,143], and a periodic Green’s function analysis neglecting the mass
loading of the electrodes has been proposed [144]. Accurate results have been ob-
tained applying FEM to the electrode and characterizing the substrate with periodic
or discrete Green’s functions [145-147]. The boundary element method (BEM) may
be used at the interface between the substrate and the electrodes.

The rapid increase in the capacity of computers has rendered more rigorous tools
feasible. The current state of the art is two-dimensional FEM/BEM software for
the characterization of finite structures, with arbitrary pattern along the length of
the structure [148,149], used for the characterization of device performance and for
the extraction of COM parameters. The accuracy of this model is limited by the
assumed infinite length of the electrodes and by the neglected transversal effects,
such as diffraction and wave guiding. In some cases, the latter has been identified
as the critical loss mechanism severely degrading device performance [150-152]. To
include all acoustics in the models, FEM/BEM simulators using three-dimensional
Green’s functions are being developed.

1.4 Scope of the present work

In this Thesis, SAW structures on the 128° Y-rotated Rayleigh-wave cut of LiNbOg3 are
investigated. 128° LiNbQOj is standardly used in the SAW industry for TV filters due
to its low level of spurious bulk wave responses, low attenuation, and high elec-
troacoustical coupling. The same advantages also render 128° LiNbOj the preferred
substrate for other solutions, e. g., for SAW radio-frequency (RF) identification (ID).
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In SAW ID tags, the interrogation signal is encoded by distrubuted partial reflections
from a number of separate reflectors on the substrate surface.

RFID SAW tag systems are promising future applications for SAW technology.
Contrary to the competing RFID solutions based on semiconductors, SAW tags are
passive devices. No power source, such as a battery or a high-power carrier signal,
is required for their operation. Thus, for SAW tags, a large reading distance and a
miniature tag size are inherently available with low power levels. In modern SAW tag
systems proposed, efficient SAW transduction and precise control of the amplitudes
and phases of signals reflected from short reflectors are crucial.

Here, a rigorous 2D FEM/BEM tool [148,149] is used to characterize the operation
of finite gratings and transducers on 128° LiNbOj3. Experimental measurements are
carried out to verify the operation of tailored devices whose features build on the
simulation results. Novel analysis methods are employed to extract numerical data
on the structures studied.

In Papers I and II, the reflectivity and attenuation are considered in long and
short reflectors, respectively. In Paper III, optimal geometries of short reflectors
are proposed. Papers IV and V focus on the analysis of the amplitude reflection
and transmission coefficients (R and T) of gratings. In Paper IV, the extraction
of the phases of R and T for short gratings is discussed and, in Paper V, a direct
method of determining the attenuation parameter from the ratio R/T is introduced.
The quantitative results obtained for finite periodic gratings are presented in the
framework of the COM model as a function of the electrode geometry. These findings
are also utilized to realize novel approaches for functional SAW elements. Paper
VI presents unidirectional transducer schemes feasible for mass production for high-
frequency operation and Paper VII reports experimental results for filters utilizing
the transducers introduced in Paper VI.

In the following, Chapter 2 concentrates on the realization and analysis of numer-
ical experiments and measurements carried out to explore the properties of reflector
gratings. Chapter 3 focuses on the methods of extraction of COM parameters, and
Chapter 4 reviews the implementations of innovative directional devices, arising from
the extracted properties of short structures. In Chapter 5, the results of this work
and future prospects are discussed.






2 Analysis of reflector gratings

The analysis of the properties of interdigital transducers (IDTs) has attracted con-
siderable attention ever since their discovery [3]. The first applications were delay
lines consisting of two IDTs placed on the same acoustic track [153,154]. In delay
lines, the reflectivity of the IDTs gives rise to unwanted multiple-transit signals, out
of which the triple-transit echo is the strongest and the most detrimental for the de-
vice performance. Within the IDTs, the constructive interference of waves reflected
from the transducer electrodes result in significant reflections and nonzero scattering
losses. In order to minimize the distortion imposed on the transducer response by
these effects, a split-finger structure where the mechanical reflections are canceled
was introduced [155].

In parallel, ways to exploit the distributed reflectivity of an IDT structure were
investigated. A dispersive delay line consisting of two IDTs with a constant finger
overlap, or aperture, and a changing periodicity along the length of the transducer
was envisaged [156, 157]. The apodization technique, varying the electrode overlap
along the length of an IDT, was introduced to SAW technology by Tancrell et al. [158,
159]. A long uniform IDT operating as a resonator was described theoretically and
experimentally by Lakin et al. [160].

Although the IDTs could also be used for reflecting surface waves using an external
tuning circuit [129,161], flexible realization of SAW devices called for rugged solutions
for reflecting surface waves. A viable option was the metal strip grating introduced
as a waveguiding structure by Sittig et al. [128] and first proposed to be used as a
reflector and as a part of a SAW resonator by Ash [162]. Staples et al. [163] published
the first theoretical and experimental results on SAW resonators using metal gratings
on both sides of a short IDT to form a resonant acoustic cavity, followed by Joseph et
al. [164]. Joseph and Lakin also proposed the two-port SAW resonator where, instead
of one IDT, the acoustic cavity encompasses both an input and output IDT [165].
Dispersive reflection gratings with constant finger overlap and increasing periodicity
were the functional part in reflective array compressors [166].

The properties of reflection gratings consisting either of metal strips or grooves
were also studied. The transmission-line model proved convenient for the analysis
of periodic arrays [128], and several methods to characterize the perturbation due
to the grating were proposed [130-132, 167-173]. In addition, a technique based
on applying the effective permittivity was presented for the analysis of infinite ar-
rays [174]. Pioneering experimental work was performed by Szabo who studied the
reflection and transmission properties of a short-circuited grating and evaluated the
power losses [175]. Staples et al. proposed delay line test structures for studying the
properties of a single grating or an acoustic cavity formed of two gratings and pre-
sented the frequency responses for the test structures [163]. Dunnrowicz et al. studied
the reflection mechanisms of surface waves [176]. Experimental studies of the reflec-



- 8-

tion and transmission properties of gratings on LiNbOj (the YZ and 128° cuts) and
ST-quartz are reported, e. g., in Refs. [131,177-182]. Wright and Haus sought to fit
an equivalent-circuit model to the experimental data [181,183].

In this Thesis, the properties of gratings are studied via numerical experiments [148,
149] as a function of the electrode geometry. A weak propagation attenuation in the
substrate, sufficient to account only for a fraction of the actual propagation loss, and
the resistivity of the aluminium electrodes are included in the rigorous FEM/BEM
simulations of long reflectors. For short reflectors, the intrinsic material losses are
excluded from the Green’s functions characterizing the substrate, and the resistivity
is ignored. Paper I addresses the reflectivity and attenuation in long gratings, and
Paper II those in short gratings. In Paper III, the optimum geometry for short grat-
ings is discussed. Paper IV focuses on the phase changes attributed to the reflection
from and transmission through short gratings.

2.1 Test structures

The test structures used for numerically investigating the properties of gratings are
variants of that proposed by Wright [181]. The construct consists of a transmitting
transducer connected to the electrical port 1, two receiving split-finger transducers
(connected to the electrical ports 2 and 3), and a grating placed between the receiving
transducers. The split-finger geometry in the receiving transducers is introduced
to minimize the perturbation inflicted on the SAW [155] arising from the IDT at
port 2. For long gratings, in order to distinguish the different time-domain signals
registered at ports 2 and 3, gaps with different widths (w;, wy, ws) between the
elements of the test structure are used, see Fig. 2.1. For short gratings, to accurately
compare the reflected and transmitted signals, the center-to-center distances between
the elements in the test structure were chosen such that the partial signals reflected
from and transmitted through the grating studied have identical propagation times,
see Fig. 2.2.

The frequency bandwidth of an interdigital transducer, BWipt, measured as the
distance between the first zeros of the transfer function, can be estimated as

2

BWipr = (2.1)

Nﬁnger pairs .
Thus, choosing a small number of electrodes in the transmitting transducer (port
1) implies a wideband transducer response, and a large number of electrodes in the
grating under investigation leads to a narrowband grating response. Consequently,
for long reflectors, frequency-domain characteristics may be used to determine the
reflector parameters. For an illustration of the response obtained for the test structure
in Fig. 2.1 incorporating a long grating, see Fig. 3.1.

For a short grating, this approach is not feasible: the reflector properties are of
wideband nature and the stopband is practically absent. Instead, one is obliged to
estimate the reflectivity in the time domain. A relatively long input transducer and,
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Figure 2.1: Test structure for numerical experiments of long gratings on
128° LiNbO3. The values Ny = 10, Nyg = Nz = 8, Ny = 80, \g = 2 pm, W =
32 pm, w; = 100 pm, wy = 170 pm, and w3 = 30 pm are used. Here, gratings
operating at the second harmonic frequency are illustrated (pgrating = Ao). For the
fundamental frequency, perating = Ao/2 and N, = 160.
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Figure 2.2: Test structures for numerical experiments of short gratings on
128° LiNbOgs. The values Ny = 21, Ny = Nz = 6, Ny = 1...3, g = 1.6 pm, W
= 200 pm, wy; = 160 pm, and wy = w3 = 64 pm are used. Here, gratings operating
at the second harmonic frequency are illustrated (pgrating = Ao). For the fundamental
frequency, perating = Ao/2.

consequently, relatively long pulses with relatively narrow frequency bandwidths are
used, and the amplitudes of the incident and reflected pulses are compared. According
to Eq. (2.1), a long transducer produces a rather narrowband response. In the time
domain, a reflected pulse is longer than the incident pulse due to the interaction with
the reflector. If the reflector is short, the shape of the pulse is hardly changed: a short
(wideband) reflector reflects nearly all the spectral components of a long (narrowband)
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pulse. In such a case, the time-domain transition zones where the long incident pulse
is entering and leaving the reflector are of minor importance in the reflection response.
The shorter the reflector with respect to the transmitting transducer, the smaller the
change in the shape of the pulse due to the reflection from the grating. In the case of
a relatively long input transducer and a short reflector, the time-domain distortion is
thus minimized.

2.2 Time gating

The FEM/BEM simulation tool used [148,149] calculates the admittance matrix (Y
parameters) of the specified electrode setup for a fixed frequency. To obtain a sampled
frequency response, this procedure is repeated for N frequency points with constant
spacing Af. For the 3-port test structures used in the numerical experiments of this
work (see Figs. 2.1-2.2), the outcome of the simulation is an N-element sequence
of 3x3 admittance matrices, from which the interesting Y parameters, Yo (f) and
Y31 (f), may be selected.

The execution time of a simulation for a fixed frequency depends on the electrode
setup. The desired simulation bandwidth B and frequency step Af define the number
of frequencies N analyzed by the simulation tool. The overall execution time equals
N times the time needed to compute the characteristics of the structure at a single
frequency point. The guidelines for selecting B, Af, and the numbers of fingers in the
different test structure elements are, on one hand, the aim to minimize the frequency
and time dispersion caused by the grating to the incident signal and, on the other
hand, a feasible simulation time.

The frequency-domain response obtained for the structure studied includes all the
multiple reflections of the transmitted pulse. The 3™ and higher-order transit signals
manifest themselves as ripples in the frequency stopband of the elements of the test
structure. Here, time gating is employed to select the partial signals of interest from
the simulated frequency responses. The discrete Fourier transform (DFT) is used for
the time-domain analysis:

N-1
X(wi) = Y x(tn)e 7, k=0,1,...,N—1, (2.2)
n=0
where
2wk
= 2.3
YT NAY (2:3)
t, = nAt. (2.4)
Here, x(t,) is the discrete time series of input signal amplitudes at times t = to, . . ., tx.1;

At is the interval between subsequent time points; X (wy) is the complex-valued spec-
trum of the x(t,) at frequency wy; and N is the number of both time and frequency
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Figure 2.3: Magnitudes of the time-domain responses |Yy;|(t) and |Y3;|(t) for the
test structure in Fig. 2.2. Left: Signal transmitted from port 1 and received at port
2. Right: Signal transmitted from port 1 and received at port 3. The vertical dashed
lines confine the contributions of the direct signal (right) and the signal reflected once
from the grating (left). The labels are explained in the text. Here, a/p = 0.50, p = Ao,
h/Xo = 5%.

samples. The inverse DFT is given by

1 N-1 .
X(ty) = N 3 X(wy)e! s, n=0,1,... N—1. (2.5)
n=0

From Eq. (2.3) one may relate the DFT frequency step Af and the simulation band-

width B = NAf to the visible time scale T = NAt and the time resolution At:
T=—,
(2.6)
At =

U:J|>—‘[>|,_;
. —-

Here, the fast Fourier transform (FFT) [184], a method for efficiently computing the
DFT, is used in the time-gating analysis. The inverse FFT is used to transform the
Y parameter studied into the time domain. The temporal points corresponding to
an identified pulse are maintained while the rest of the time response is set to a level
close to zero. The FFT is then used to transform the truncated time-domain response
back to the frequency domain. The time gating was first used for the analysis of SAW
grating properties by Wright [181].

The direct and reflected signals are easily recognized in the time domain. Typical
time-domain representations of the signals for the test structure in Fig. 2.2, observed
at ports 2 and 3, are shown in Fig. 2.3. The left-hand-side plot of Fig. 2.3 displays the
magnitude of the time-domain representation of Yo, i.e., the signal transmitted by
the input transducer at port 1 and received by the transducer at port 2. The labeled
peaks indicate the partial signals corresponding to the direct SAW propagation from
port 1 to port 2 (signal o), and the propagation path to port 2 including a transmission
through the receiving transducer at port 2 and a reflection from the reflector (signal
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(). Similarily, the right-hand-side plot of Fig. 2.3 illustrates the magnitude of the
time-domain representation of Ys;. The signal labeled v is the direct partial signal
and the one labeled ¢ is the signal reflected once from the grating and once from the
transmitting transducer. It is to be noted that due to the split-finger geometry of
the receiving IDTs, the signals corresponding to reflections from ports 2 and 3 are
strongly suppressed. In both figures, the vertical dashed lines indicate the truncation
limits used in the time-gating procedure.

The source being in port 1, the admittances observed at ports 2 (Yg;) and 3 (Y31)
represent the electric currents at ports 2 and 3. Further, they are proportional to the
corresponding acoustic-wave amplitudes. The time-gating procedure allows one to
extract from Yq; and Y3, the contributions of the direct (incident) waves (Y3, Y$,)
and from Yo, that of the wave reflected from the grating (Y%,).

For short structures, the grating exhibits a small total reflectivity. Then the per-
turbation for waves passing through the split-finger IDT at port 2, even though
minimized by the IDT geometry, may have a visible effect on the analysis results.
Thus, the direct signal registered at port 3, obtained from a simulation of the oper-
ation of a test structure without the reflector, Yg’lref, is used as the reference signal.
Contrary to choosing Y$, as a reference, the scattering from the receiving split-finger
transducer at port 2 is then eliminated. Using the time-gated signal contributions,
the frequency-dependent and complex-valued amplitude reflection and transmission
coefficients of the grating are then

_ Y5(0)
R(f) = Yg,lref(f)’ (2.7)
T(f) = ;iﬂ;{%. (2.8)

Here, the center of reflection is taken to be the center of the grating.

In order to obtain R and T, the frequency response of the device studied and that
of the reference device are required. In simulations, this is only a matter of simulation
time, but when experimental data is acquired, the possible inaccuracies in the two
measurements degrade the results. However, the need of two separate measurements
can be avoided by apprehending that the essential features of the reflection response
are reproduced in the ratio of the reflection and transmission responses [185],

R(f) Y5, (f)

T(f)  Y§(0)

(2.9)

For short reflectors imposing a limited distortion on the incident pulse, it is conve-
nient to carry out the analysis of the phases of the signals in the time domain. Study-
ing the phases of small signals in the time domain requires a high time resolution,
which further necessitates a large frequency bandwidth. For example, the selection
of a reasonable simulation bandwidth of 2 GHz with a 501-point grid (Af = 4 MHz)
results in the time resolution At = 0.5 ns, see Eq. (2.6). For aluminium electrodes on
128° LiNbOsg, the SAW velocity is close to 4000 m/s. The time resolution obtained
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Figure 2.4: Reflected pulse (Re{Y%;}) for a second-harmonic (p/A\g = 1.0) short-

circuited electrode with h/\g = 5% and a/p = 0.50. Note that the amplitude scales
are different.

for the chosen frequency grid corresponds approximately to the SAW propagation
distance of 4000 m/s - 0.5 ns = 2 pum, which is longer than the SAW wavelength at
the center frequency (Ao = 1.6 um). However, the phase changes attributed to the
perturbation caused by the electrodes may be only a fraction of the full cycle. Thus,
in order to extract reliable time-domain data on the phase of the waves reflected from

and transmitted through the short grating, it is necessary to address the problematics
of insufficient time resolution.

To render details of the time responses visible, the zero padding technique is used.
Dummy points are continuously added to the simulated frequency response, main-
taining the adopted frequency spacing Af = 4 MHz. The time span T is not affected,
see Eq. (2.6). The level of admittance of the dummy points is set close to zero in order
not to distort the original response. By adding zeros to the frequency response in
the regions where the signal is negligible, the simulated response remains physically
intact, i.e., no new information is added. In principle, such a wideband response
could be calculated with the FEM/BEM software used [148, 149] but, knowing the
signal to have a negligible amplitude in these frequency ranges, this procedure allows
tremendous savings in the simulation time. Extending the bandwidth from 2 GHz
to 40 GHz, the time resolution is enhanced to At = 0.025 ns (corresponding to the
space resolution of 0.1 pm), which is sufficient for an approximate determination of
the phases. An illustration of the time responses of the reflected and reference signals,
with zero padding used, is shown in Fig. 2.4.

In the measurements, the typical output is S parameter data. For practical pur-
poses, test structures consisting of two identical IDTs and a grating centered in the
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Figure 2.5: Schematic of the grating test structure used in the S parameter mea-
surements. The distance between the centers of the transmitting and receiving IDT's
(Ng1 = Ny = 15) is 2w; = 600 pm and the aperture is W = 100 uym. Here, the
grating has floating electrodes.

acoustic channel between them are convenient, see Fig. 2.5. One of the IDTs is then
connected to the input and the other to the output, and two-port S parameter data is
obtained. The time gating is needed to separate the signal contributions of interest.
In the case of a grating with a large total reflectivity, however, the transmitted wave
has a low amplitude and the truncation of the transmitted signal is not necessary. In
such circumstances, the terms Y%;, Y9,, and Y5;"" in the above equations are to be
replaced by St;, So1, and Sk, respectively. Here, Y3, does not have an S parameter

counterpart.

2.3 Performance of a short grating

For short gratings, due to the test structure setup of Fig. 2.2, the propagation dis-
tances are equal for the partial signals corresponding to the reflection from (Y%;)
and transmission through (Y4,) the grating. Furthermore, since the propagation at-
tenuation of the SAW and the resistivity of the electrodes are excluded from the
simulations, energy considerations of the two contributions (Y%, Y4,) and the refer-
ence (Y5;™") then yield a means for the evaluation of the losses due to the scattering
into the bulk [169]:

Ee(f) = Y51 (0)* — [Y5,(DI” — [Y5, (DI (2.10)

Low-loss structures may be found by comparing the scattering losses from Eq. (2.10)
to the energy of the reference signal. This is not a sufficient criterion, though. Since
the applicability of short gratings as reflecting elements is considered, one preferably
needs to simultaneously attain a high or at least a moderate value for the reflectiv-
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Figure 2.6: Ratio of the energy scattered into the bulk and the energy reflected for
a single grounded electrode operating at the second harmonic frequency (p = Ag) as
a function of the aluminium thickness h/\g and electrode width, expressed in terms
of the metallisation ratio a/p.

ity and as small scattering losses as possible. These criteria can be addressed by

considering the ratio of the scattered and reflected energies:
Eoe(f) _ [Y5i™ (D> = [Y& (D> — [Y5(E)?
E.(f) Y5 ()]

(2.11)

The applicability range for short gratings on 128° LiNbOj is pronounced for the
second-harmonic operation of grounded gratings. Figure 2.6 displaying the ratio of
the scattered and reflected energies for a single grounded electrode as a function of
the electrode thickness and width illustrates the optimum. Note that for a grounded
single-electrode reflector, the energy scattered is more than twice the energy of the
reflected wave. For a floating electrode, the ratio Eg./E, is slightly lower, and the
situation improves significantly for 2- and 3-electrode open-circuited reflectors, see
Paper III.

2.4 Phases of reflection and transmission coefficients

Phases of the reflection and transmission properties of gratings have not been re-
ported widely in the literature. The early findings mainly concentrate on qualita-
tive issues, such as the sign of the reflection coefficient. Cross found that for thin
(h/Xo = 0.2...1.4%) aluminium electrodes on YZ-LiNbQOs, the electrical termination
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condition affects the sign of the reflection coefficient [132]. Cambiaggio et al. stud-
ied the reflection and transmission coefficients of massless and perfectly conducting
electrodes on YZ-LiNbOj and also deduced that the reflection phases differ for a
single short-circuited and a floating strip [168]. Yamanouchi and Takeuchi proposed
a novel reflector scheme employing interleaved gratings with positive and negative
reflection characteristics [186,187]. In particular, they predicted that for thin (h/\g
=0 ... 2%) and narrow (a/p = 0...0.5) aluminium electrodes on 128° LiNbOs,
the reflection contributions arising from the electrical and mechanical loading are in
phase for a floating strip and out of phase for a short-circuited strip [187]. As a
consequence, the total reflection coefficient for such a configuration features opposite
signs for short-circuited and open-circuited conditions.

The reflection coefficient of a single electrode is often defined as R = —jR [187].
For most materials, Ry is real and positive but, for the particular case of either
open-circuited electrodes or shorted electrodes with a rather heavy mass loading on
128° LiNbOg3, Ry is negative and the phase of the reflection coefficient R is about
+90° [187]. For clarity, the total reflection coefficient is referred to in this Thesis as
R = |R’ej-Phase.

In theoretical considerations of phases, the effect of finite losses is typically ne-
glected. Conservation of energy implies that in a lossless case, the reflection and
transmission coefficients are in phase quadrature +90° [188]. The same result is ob-
tained from the equivalent circuit model using the analysis of wave reflection from
small impedance discontinuities [189]. However, when losses are included in the con-
sideration, the phase difference between the reflection and transmission coefficients
may differ from +90°.

In this work, the phases of the reflected and transmitted signals are evaluated in
both the frequency and time domains. In the former, the result is presented as a
function of frequency in the vicinity of the center frequency (grating stopband),

3600 Yu()
LR)= 4<7Ygiref(f)>, (2.12)
/[Ty = 357(: -/ (é%%) | (2.13)

In the time domain, the zero padding technique described in Sec. 2.2 is used, and
values averaged over a time span corresponding to the interaction of the transmitted
pulse with the receiving transducers (reflected pulse at port 2 and reference pulse at
port 3) are given:

Z[Ry] = S00° mean {L (dL(ft)) } , (2.14)
2m Y51 (6) ) ) At
o d
LTy = 5007 mean {L (XEL(:)) } . (2.15)
2m Y51 (6) ) ) At

The averaging range is displayed in Fig. 2.4, where the phase difference between the
incident and reflected pulses is illustrated.
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Figure 2.7: Phase of the reflection coefficient for a single grounded electrode evalu-
ated in the time domain as a function of electrode width (p = Ao).
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Figure 2.8: Phase change attributed to transmission through a single grounded
electrode, evaluated in the time domain, as a function of the aluminium thickness
h/Xo and electrode width (p = Ag).
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Examples of the extracted phases of the reflection and transmission coefficients
for a single grounded electrode are plotted in Figs. 2.7 and 2.8. The dependence of
the phases on the electrode geometry is demonstrated. Furthermore, comparing the
plots, it is evident that the phase difference between the reflected and transmitted
signals generally differs from +90°. This is attributed to the nonzero scattering losses
evaluated from the simulated responses.

The phases of the reflection and transmission coefficients for various short gratings
are discussed in Paper IV.
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3 Extraction of the coupling-of-modes
(COM) parameters

Despite the emergence of rigorous numerical simulators, the coupling-of-modes (COM)
model [135,136] continues to be widely employed in SAW device design. It is a numer-
ically fast method proven useful in the optimization of the geometry of SAW devices
and, with current processing capacity of computers, it remains difficult to replace in
the preliminary design stage. Moreover, with accurate input parameters, the COM
model produces useful results. The materials-dependent COM parameters are the
reflectivity k, the electromechanical transduction «, the velocity v, the attenuation
v, and the static capacitance C.

In this Thesis, the extraction of reflectivity and attenuation is considered. In Pa-
pers I and II, various methods for the extraction of reflectivity are implemented, and
a technique based on energy comparisons is proposed for determining the attenuation.
A large amount of data is presented as a function of the geometry of the grating elec-
trodes. In Paper V, a method for the extraction of the COM attenuation parameter
Yo from the characteristics of the grating response is introduced.

3.1 COM equations

According to the notation of Ref. [190], the COM reflection (R) and transmission (T)
coefficients for a grating of length L are

ik* sin(AL)

R= 3.1

A cos(AL) + 40 sin(AL)’ (3.1)
A

T= 3.2

A cos(AL) + 40 sin(AL)’ (3-2)
where
f—f. . )

0 =27 — iy = b — i (3.3)

is the frequency detuning with losses incorporated in -, and

A = /52— |x]2. (3.4)

Here, x is the reflectivity. The ratio of the reflection and transmission coefficients is
obtained from Egs. (3.1) and (3.2):
R k*sin(AL)

i Ay — (3.5)

At the center frequency f., the detuning dy in Eq. (3.3) equals zero. Estimates for
the normalized reflectivity, |kAg|, can be extracted from the center-frequency values
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of the magnitudes of the reflection and transmission coefficients, or from the ratio
|IR/T|. For simple expressions, one may evaluate the lossless case (7 = 0 in Eq. (3.3))
from Egs. (3.1), (3.2) and (3.5):

|KXo|r = %atanh(]R(fc)D, (3.6)
)\0 1
|kXo|T = facosh <|T(fc)|> , (3.7)
>\0 . R(fc)
|kXo|r/T = fasmh ('T(fc) ) ) (3.8)

However, nonzero attenuation affects the accuracy of the results. Inclusion of v in
Eq. (3.3) leads to the expressions

B ir* sinh(A.L)
R(k) = A¢ cosh(AL) + ysinh(AL)’ (3:9)
A,
T(te) = A cosh(A.L) + ysinh(A.L)’ (3.10)
R(f.) ix*sinh(A.L)
o = A (3.11)

where

Ac = /72 + k]2 (3.12)

In these formulae, the reflectivity x appears under the square root, together with
the attenuation parameter . Solving Eqgs. (3.9)—(3.11) requires the use of iterative
methods.

3.2 Reflectivity

A number of methods may be applied to the extraction of reflectivity of gratings.
The techniques differ for long and short reflectors.

The time-gated frequency response of the direct signal observed at port 3 (|Y$,|) for
the long-grating test structure of Fig. 2.1 is depicted in Fig. 3.1. The most apparent
difference with respect to the direct signal received at port 2 (|Y$,], see Fig. 3.4) is
the notch originating from the grating stopband. In addition, losses occurring at the
transducers and along the propagation path between ports 2 and 3 lower the power
level of the signal. The losses include the propagation attenuation both on the free
surface and inside the grating, and the resistivity of the electrodes. Since the level of
intrinsic material loss of the substrate, included in the simulation, is only a fraction
of the actual experimental value, the free-surface propagation losses are negligible.

According to Egs. (3.2) and (3.7), the reflectivity per wavelength |k)o| for a grating
can be estimated from Y9, (see Fig. 3.1) as

1
T pu—
cosh (|kAg|L(Ng))’

(3.13)
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Figure 3.1: Direct signal contribution transmitted from port 1 and received at port
3 in the test structure of Fig. 2.1 in the frequency domain. The notch in the middle, a
consequence of the grating stopband, is used to evaluate the reflectivity of the grating.
Here, a/p = 0.50, p = A\g and h/X\y = 5%.

where T is the amplitude transmission coefficient of the grating at the center of its
stopband, and L(\g) is the length of the grating in units of Ag. The grating is assumed
to be long enough for the end effects to be negligible.

However, especially if the reflectivity is large, the depth of the notch in Fig. 3.1 is
difficult to determine. This is due to the relatively low SAW amplitude, the stepsize
of the frequency grid and the time-gating procedure. In order to obtain an improved
approximation for |kAg|, the width of the stopband is estimated from

L @|mo|:27rf“_fl,
™ Jo fi+ fu
where f; and f, are the frequencies denoting the lower and upper edges of the stop-
band, respectively, and SBW = f, — f, stands for its width. Since the level at which
the stopband is evaluated affects the result, an iteration procedure is employed where
the expression for the above theoretical amplitude transmission coefficient is used to
evaluate the actual minimum level at the notch and, further, the correct level for stop-
band width. For low total reflectivities, this method suffers from the large stepsize in
the frequency grid, and Eq. (3.13) may be utilised as such, instead.
Another possibility is to investigate the notches of the reflection response, or those
of the ratio R/T. As mentioned in the context of Eq. (2.9), the analysis of R/T
necessitates a single two-port measurement and provides access to all essential grating
features. In particular, the notches in |R/T| are found at the same frequencies as those
of the reflection coefficient |R|. An example of the measured magnitude of the ratio

kAo|  SBW

(3.14)
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Figure 3.2: Response characteristics addressed when extracting the reflectivity of
the grating. The solid curve is the ratio of the magnitudes of the reflection and
transmission coefficients for a grating (|R/T| = [S};]/|S21|), where the first notches
(f] 4 and f3 ) around the maximum (fmax(st |/s.|)) define the grating stopband. The
first notches of the transducer frequency response of the test structure (dashed curve,
fipr and fy1pr) indicate the range of feasibility. Here the grating within the test
structure is short-circuited, and it has 40 electrodes with a/p = 0.63 (p = A\o/2). The

aluminium thickness h/\g = 8%.

of the reflection and transmission coefficients is shown in Fig. 3.2. The transmission
response of the test structure of Fig. 2.5 illustrating the IDT characteristics (main
lobe defined by the first notches f; ;pr and f1pr) is also shown.

According to the lossless COM model, the notches in the magnitude of the reflec-
tion coefficient (and also those of |R/T|) are found at

Af, kx> (nAo)’ kAol \ 2 noo\2
_ _ 1
L J( on ) Tl o ) T (Nel—1> ’ (3.15)
where |Af,, /f.| is the deviation of the n'® notch of |[R/T| from the center frequency of

the grating. Using the frequencies for the lower (f},,) and upper (f;,,) notches, one
may write

— 2er Ler 1
o B+ (3.16)

Afn fg r f’f
8T 2,gr

The physical interpretation of Eq. (3.15) is that multiple reflections render the
grating effectively shorter. For very long gratings, the waves do not penetrate up to
the ends of the grating at the stopband frequencies. Then, the effect of the grat-

ing length is negligible. For short gratings, the term with L? in the denominator
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Figure 3.3: Dependences of |[R(f.)|, |T(f.)| and |R(f.)|/|T(f:)] on |kAo| for the lossy
and lossless cases.

dominates in Eq. (3.15). Extracting |xkAo| from Eq. (3.15) implies the subtraction of
two relatively large values to obtain a small value, which is disadvantageous for the
accuracy. It is evident that Eq. (3.15) is accurate only if the term ()\g/2L)? is small.
Therefore, alternative methods are proposed for the extraction of the reflectivity of
gratings to which Eq. (3.15) is not applicable.

In a case where the losses are chosen to be neglected, in addition to studying the
amplitude transmission coefficient T of Eq. (3.13) or Eq. (3.7), the center-frequency
values of the COM reflection coefficient in Eq. (3.6), or the property R/T, Eq. (3.8),
may also be used for determining the reflectivity. Alternatively, the losses may be
incorporated and one of Egs. (3.9)—(3.11) used, but this leads to solving a transcen-
dential equation numerically. The difficulty in the iterative procedure presented in
Paper V is that the reflectivity and attenuation impose similar effects in the frequency
response. If Egs. (3.6)—(3.8) or (3.9)—(3.11) are used, comparison of the use of dif-
ferent identities in the extraction of reflectivity tends to favour the ratio R/T over
the independent use of R or T. The difference between the lossless and lossy cases is
evidently smallest for R/T as illustrated in Fig. 3.3.

The extraction of the reflectivity for short grating structures calls for an approach
different from that applied to long reflectors. As opposed to a long reflector, the
total reflectivity of a grating consisting of only a few electrodes is too low and of too
wideband a character to produce a visible notch in the signal transmitted through
the grating (Y4,). Instead, since the distortion originating from the interaction of the
incident pulse with the short reflector is small, the reflectivity may be estimated in
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the time domain.

A comparison of the levels of the reference signal (|Y5;"(t)|) and the signal re-
flected from the grating and registered at port 2 (reflected signal, [Y4;(t)|) in the
time-domain representation of Yy provides an estimate for the reflectivity of short
structures. Since the incident pulse has a definite duration due to the finite length of
the transmitting transducer, see Fig. 2.3, the maximum values of the amplitudes of

the direct and reflected signals are considered,

1 max {[Y5,(t)]}

’/i)\()’ = .
Lig(ho) max { | Y5 (1)}

(3.17)

Here Ly()o) is the length of the grating in wavelengths. In the simulations of short
reflectors, lossless Green’s functions are used to characterize the substrate and the
resistivity of the electrodes is excluded. The remaining loss mechanism is the scat-
tering into the bulk inside the grating, which for short reflectors is predominantly an
end effect.

3.3 Attenuation

The value of the COM attenuation parameter v is quite difficult to determine from
the analysis of frequency responses. Within this Thesis, a method based on energy
comparisons is proposed for the extraction of v due to the scattering. Another method
is proposed for determining the COM attenuation parameter directly from the notches
of the time-gated responses obtained from S parameter measurements of the test
devices. The latter extraction procedure consists in studying the magnitude of the
ratio of the COM reflection and transmission coefficients of the grating, R/T.

3.3.1 Energy comparisons

The attenuation due to scattering into the bulk may be evaluated from the scattering
losses in Eq. (2.10). The amplitude attenuation value (in Nepers per wavelength) is
then obtained through comparing the energy of the signal incident on the receiving
transducer at port 2 of the test structure (Figs. 2.1-2.2) with the sum of energies of
the contributions reflected from the grating (registered at port 2) and transmitted
through the grating (registered at port 3). This comparison can be made at a single
frequency point but a more reliable result is obtained by averaging over a frequency
range Af. For a long grating, the direct-signal reference at port 2 is |Y$;| while for
a short grating, [Y3; | is used, instead:

A : ea {1 ( [Yii P )} (3.18)
YA\ = ———— -mean\ In - . .
" 2L(\) Y52+ Y4 ) S 4

Here, in order to define the COM attenuation coefficient per wavelength, v\g, the
losses are normalized to the length of the grating in Ag, Lg(Ao).
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Figure 3.4: Energy balance for the structure shown in Fig. 2.1 with the reflector
operating at the second harmonic frequency (N, = 80, p = Ao, h/Ao = 5%, and
a/p = 0.5). The dashed vertical lines indicate the grating stopband and the lower
and upper passbands.

For a long grating, the total reflectivity may be strong. Especially, for the second-
harmonic operation, the grating stopband clearly manifests itself in the energy bal-
ance picture Fig. 3.4. The attenuation values in the stopband and for the passbands,
limited by the stopband edges and the zeros of the transmitted input signal, are
evaluated separately, using different frequency intervals for the averaging. In the
grating stopband, the wave does not penetrate through the whole length of the grat-
ing. Therefore, for the stopband frequencies — as opposed to the total grating length
Lg(Xo) — the losses are normalized to |k\g| !, the effective penetration depth into
the grating given by the COM model.

For short gratings, the total reflectivity is small with a wideband response but the
averaging principle is similar. Since, due to the test structure geometry (see Fig. 2.2),
the incident signal has narrowband character, we can estimate the scattering losses of
our reflector only in a relatively narrow frequency band close to the center frequency
of the input transducer, see Fig. 3.5. The averaging band Af is determined as the

—3 dB bandwidth around the maximum of the reference |Y3;"'|.

3.3.2 Ratio of the reflection and transmission responses

It is possible to deduce several properties of a grating by examining the behaviour of
its frequency-dependent reflection coefficient, R. The values of the magnitude of R
at the center frequency and at the minima are of particular interest. In a notch of
the reflection response, the magnitude of the reflection coefficient attains a minimum,
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Figure 3.5: Energy balance for the structure shown in Fig. 2.2. Above: Total calcu-
lated response. Below: Detailed view. The dashed vertical lines indicate the averaging
regime for the attenuation. Here, the reflector has 2 electrodes and second-harmonic

geometry (p = Ag). The aluminium thickness is h/Ag = 5% and the metallization
ratio a/p = 0.50.

which requires that the vector sum of the contributions reflected from the grating
electrodes is necessarily orthogonal with respect to the cumulative phase at the center
frequency. A simplified illustration is the reflection from a one-dimensional array of
perturbations, with multiple reflections and attenuation ignored. In a synchronous
reflection, the partial reflected contributions R; add up in phase, see Fig. 3.6.

If the condition for the synchronous reflection is not met, there is a phase shift
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Figure 3.6: Schematic of the condition for synchronous reflection in the absence of
multiple reflections. Here A is the amplitude of the incident signal and the partial
reflected signals R; of equal magnitude sum up in phase to yield the total reflected
signal Ry.. The reference phase is a.

between the subsequent partial contributions. Moreover, if attenuation is allowed,
the amplitude of R; decreases with increasing . Then the cumulative vector diagram
of Fig. 3.6 becomes curved with increasing curvature. Examples of cumulative reflec-
tivities for a 40-element array are displayed for detunings close to the first and second
notch of the reflection response in Fig. 3.7. The markers with black faces indicate
the ends of the vector sums. In the absolute minima, the resultant sum vectors are
orthogonal with respect to the incident signal.

As pointed out earlier, the essential characteristics of the reflection response are
preserved when the ratio of the reflection and transmission coefficients is consid-
ered [185]. The advantages in studying R/T include that a single measurement is
sufficient, Eq. (2.9), and that, in the COM framework, the phenomenological formu-
lation is simple, compare Eqgs. (3.1) and (3.5). In this Thesis, an analytic expression
for the evaluation of the COM attenuation parameter v is derived [V].

On the assumption that the attenuation is not too strong (A?|eecn > 72), A in
Eq. (3.4) may be approximated at the n*® minimum of the reflection response as

.60717
A, >~ Ny, —

(3.19)

where

nm
AOn =V 58n - ’H}|2 = if (320)

Substitution of Eq. (3.19) in Eq. (3.5) results in the expression

. L
R ~ i sin (AOnL _ oo ) (3.21)

n AOn

T AOn

notch
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Figure 3.7: Schematic of the total reflection amplitude R in the vicinity of the
first minima of the reflection response obtained as a vector sum for the asynchronous
lossy condition. The circles (o) and squares (o) indicate the cumulative vector sum
for detunings close to the first and second notches of the reflection response. Attempts
to reduce R to the absolute minimum were not made.

which, assuming that the attenuation is not too strong, may be further reduced to
the simple form

* 3
S IO L (3.22)
notch nem
This expression indicates that the values of the magnitude of R/T at the notches are
direct measures of the attenuation. Furthermore, it is interesting to observe that for
low values of the reflectivity &, dg,/n? ~ 1/n, and the magnitude of R/T at the notches
is inversely proportional to the notch order n. Moreover, for a real-valued reflectivity,
the ratio R/T is purely imaginary for the center of the stopband while it is real at
the minima, a property predicted by the simple model of an array of reflectors. Using
Eq. (3.20) and denoting f,, — f. = Af,,, an expression is obtained where the reflectivity
is normalized to the wavelength and the attenuation is associated with the grating
length:

H| =

n2m

~g 2 (Aff"> <A£0>2 (k") L. (3.23)

notch

Here, Eq. (3.16) may be used for |Af,/f.|. For the fundamental mode of operation (\y
= 2p), the grating length is L = (Ng—1)A¢/2. Then, Eq. (3.23) may be approximated
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It is interesting to note that a simple model for an asynchronous reflection in the
array of reflectors of Fig. 3.6 yields an expression which closely resembles the result
of Eq. (3.24) [V]. For a form independent of the normalized reflectivity, |x\g| may be
inserted using Eq. (3.15). In the interest of accuracy, other methods for extracting
the COM reflectivity are often preferable, see Sec. 3.2.
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4 Novel unidirectional designs

The properties of short reflectors extracted within this Thesis [II] are employed to
realize novel unidirectional devices for high-frequency operation [VI,VII]. The great
advantage of the proposed structures over other schemes introduced is that they are
feasible for standard optical lithography used in mass production. In the following,
the background for unidirectional SAW device operation and the results obtained in
this work are reviewed.

4.1 Unidirectional transducers

Interdigital transducers (IDTs) with uniform periodicity are bidirectional on the ma-
jority of substrates, i.e., they radiate an equal amount of energy in both directions
on the surface. For the commonly used substrates this implies that half of the energy
input in a transducer is inherently lost. To overcome this shortcoming, unidirectional
operation of an IDT was pursued. Engan proposed a structure composed of two
identical IDTs separated by a distance (n + ;)X where X is the wavelength of the
surface wave and n is an integer [191]. The IDTs are then driven in phase quadrature
such that the waves propagating in the forward direction add in phase while those
propagating in the backward direction cancel. Collins et al. reported such a biphase
transducer with a 6.5 dB insertion loss on YZ-LiNbOg [192]. The problem of this
solution was the narrow bandwidth. Another approach used a meandering ground
electrode between the fingers of an IDT, resulting in critical dimensions A/16 wide
and a rather high insertion loss [193]. The shortcoming of the three-phase unidirec-
tional transducer with three electrode groups driven 120° out of phase, proposed by
Hartmann et al. [194], was the need for multiple process steps in fabrication.

Other early design schemes suggested include the use of a multistrip coupler
(MSC) [195], a coupling element for surface waves introduced by Marshall and Paige,
which among other functions [196] was demonstrated to be suitable for achieving
unidirectionality [197], and a hybrid-junction transducer consisting of two interleaved
conventional IDTs [198]. The latter is essentially an extension of the three-phase
unidirectional principle to four phases, involving the same complexity of fabrication.
The MSC approach is not practical for substrates with low piezoelectric coupling,
e. g., quartz. Futhermore, its performance suffers from the parasitic losses in the
MSC.

4.2 Single-phase unidirectional transducers (SPUDTS)

Single-phase unidirectional transducers (SPUDTS), first proposed by Hartmann et
al. [199], were an important innovation. In SPUDTS, the internal reflections inside
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the transducer are utilized to obtain a net unidirectional behaviour. In a unit cell of
a periodic SPUDT structure, the centers of reflection are displaced by £A/8 from the
centers of transduction. A major advantage over multiphase schemes is the need for
only one matching network. In the first configurations proposed [199], the directive
operation was achieved using increased local reflectivity through additional mass-
loading of alternate fingers in a split-finger structure. The selective increase of mass-
loading necessitated an additional metallization step.

Another SPUDT approach builds on or is closely related to the idea envisaged
by Hartmann et al. [199]. It uses a dielectric thin film to separate every second
electrode of a split-finger IDT [200-202]. The directivity may be attributed to the
variation in the electromechanical coupling along the structure due to the alternating
separation of the electrode fingers from the piezoelectric substrate. For the different
configurations reported, the performance remained poor compared to the response
predicted.

Lewis [203] proposed a comb transducer structure encompassing a number of active
IDTs connected to the same busbars and offset reflectors in the spaces between them.
The evident advantage of this scheme is that only one processing step is required.
Lewis reported a 2.7-dB insertion loss for a 100-MHz delay line filter consisting of
two such comb transducers on the same acoustic track with their forward directions
opposite to each other.

Wright discovered that in asymmetric piezoelectric orientations, the internal re-
flections inside an IDT shift the centers of reflection and transduction from their im-
plicitly assumed positions [204]. Therefore, for carefully chosen crystal orientations,
the requirement that the separation between the transduction and reflection centers
be \/8 can be met for a symmetric IDT structure. Such unidirectionality, originating
from the asymmetry of the piezoelectric crystal, is referred to as natural unidirec-
tionality. Correspondingly, the symmetric transducers exploiting this property are
referred to as NSPUDTSs. The disadvantage of the NSPUDT orientations is that in
order to achieve a reverse directionality on the same crystal cut, the metallization has
to be changed.

The need to enhance the control of the internal reflections inside a transducer in-
cited the development of the distributed acoustic reflection transducer (DART) [205].
In the DART unit cell, a gap between two fingers with the same polarity in a split-
finger scheme is partly metallized, the variation being in the direction of the fingers.
Thus the mechanical reflectivity of the electrodes and the electrical regeneration ef-
fect may be treated separately. An extension of the DART structure is the electrode-
width-controlled (EWC) SPUDT where the distributed reflectivity inside a unit cell
is controlled by varying the widths of the electrodes [206,207]. More complex single-
level unidirectional unit cell configurations comprising, in addition to the transducer
fingers, floating and short-circuited metal strips were also proposed [201, 208-211]
but the insertion losses of the prototype devices were unacceptably high. A thorough
theoretical analysis of the basic structure [208] was presented in Ref. [212].

A further advance in the SPUDT design was the introduction of the resonant
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Figure 4.1: Schematic of a SAW ID tag; adapted from Ref. [215].

SPUDT (RSPUDT) [213]. In the resonant SPUDT structure, local resonant cavities
are implemented inside the transducer while the overall unidirectionality is main-
tained.

SPUDTSs are widely used in delay lines where slanted geometries are often im-
plemented to achieve wideband operation. Another feasible application is wireless
interrogation, where SPUDTSs are envisaged as transducers in SAW identification
(ID) tags [214, 215]. Radio-frequency (RF) ID tags are challenging the bar codes
since they need no optical path, they work in a dirty environment and, first of all,
they are insensitive to the orientation and enable a large reading distance. SAW tags,
in contrary to approaches based on semiconductors, are passive devices, which need
no battery or other source of power. In a SAW tag, the input signal is received by
an antenna, converted into an acoustic wave and launched by a transducer, encoded
by SAW reflections, and reconverted into an electric signal by a transducer and re-
transmitted by an antenna. The typical solution uses a single acoustic channel with
the antenna and transducer used for both receiving and transmitting the radio signal,
see Fig. 4.1. Other solutions using several channels have been proposed, see, e. g.,
Ref. [216]. As reflectors, split-finger transducers [215] or various gratings [216] may
be used.

4.3 SPUDT configuration for the gigahertz regime

The main disadvantage in the majority of the single-level SPUDT designs is that
they use A/8-wide or narrower electrodes or gaps. In the gigahertz range, the critical
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dimensions are thus beyond the large-scale fabrication techniques. To increase the
critical dimensions, various grouping schemes [203,217,218], harmonic operation [211,
219], and waveguide coupling of two acoustic tracks supporting different modes [220]
have been proposed. In this Thesis, novel SPUDT configurations having the smallest
dimension on the order of A/4 are introduced [VI,VII|. The directivity of the structure
proposed originates from the observed significant difference in the reflectivity of the
A/4-wide short-circuited electrodes and that of the A\/2-wide floating electrode on the
128° LiNbOj substrate [II].

The basic structure of the novel SPUDT configuration is presented in Fig. 4.2.
The unit cell is 2\y wide and it consists of a pair of 0.2\¢-wide transducer elec-
trodes (b/pp = 0.4) and a single floating 0.4\¢-wide (second-harmonic operation:
a/Ao = 0.4) reflector electrode. The optimal unit cell geometry maximizing the di-
rectivity was confirmed via FEM/BEM simulations [148,149] where the offset of the
reflector electrode from the nominal position was varied. Within the unit cell, the
center of excitation of surface waves lies in the middle of the gap between the trans-
ducer electrodes, and the center of reflection is located in the middle of the reflector
electrode. The wide reflector electrode replaces another pair of transducer electrodes
present in a synchronous IDT structure. The center of the reflecting electrode is
shifted a distance \y/8 away from the synchronous position of the center of the (with-
drawn) transducer electrode adjacent to the remaining pair of transducer electrodes.
In such an arrangement, waves reflected in the forward direction (towards right in
Fig. 4.2) interfere constructively while those propagating in the backward direction
tend to cancel each other. The unidirectional operation is obtained with the critical
dimension 0.2, a value typical in normal bidirectional IDTs. On the 128° LiNbOs3
substrate at the frequency 2.5 GHz, this dimension corresponds to roughly 325 nm,
which is accessible for standard optical lithography.

Other SPUDT configurations based on the basic structure of Fig. 4.2 are possible.
A topology where a single wide floating electrode is replaced by several \y/2-spaced
floating electrodes may be considered. Then, if the minimum critical dimension of
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= 0.6) and three narrow transducer electrodes (b/py = 0.4). The dashed rectangles
indicate the positions of transducer fingers in a synchronous structure.

0.2) is to be maintained, the maximum metallisation ratio allowed for the floating
electrodes is 0.6. In addition, the length of a unit cell has to be longer. For example,
a unit cell consisting of two A\g/2-spaced floating electrodes and three transducer
electrodes would occupy 3 wavelengths, see Fig. 4.3. This and longer variants of the
SPUDT unit cell structure may be considered to belong to the reflector bank structure
introduced by Lewis [203].

4.4 Performance of novel SPUDT filters

The SPUDT transducer should combine a wide bandwidth with low losses. Losses
can be minimized by maximizing the SPUDT directivity via increasing the length of
the device. However, a long transducer implies a narrow frequency bandwidth. Thus,
a compromize allowing losses larger than the obtainable minimum while requiring
a sufficient bandwidth is pursued. The properties of a delay line consisting of two
identical SPUDTs having 9 unit cell sections of Fig. 4.2, with their forward directions
opposite to each other, were studied. The numerical simulation of the transmission
response for the device is shown in Fig. 4.4. Using lossless Green’s functions for the
substrate and ignoring the resistivity of the electrodes, an insertion loss of roughly
3 dB at the center frequency of 2.415 GHz and a 100-MHz bandwidth are predicted
for the SPUDT filter in the matched condition. The loss level may be attributed to
the finite directivity of the transducers. Since multiple-transit signals are necessarily
present in the delay line response, the time-gating technique described in Sec. 2.2 is
used to facilitate the determination of the insertion loss and the 3 dB bandwidth.
The impedance matching affects the performance of an electric device. If the
characteristic impedance of the device differs from that of the impedance environment,
part of the energy transmitted through the device is reflected back due to the electrical
mismatch, instead of being delivered to the load. In the case of the SPUDT filter
configurations referred to in Sec. 4.3, with the period pg = 0.8 ym and a 75 um
aperture, the characteristic impedance is on the order of 350 €2, a value differing
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Figure 4.4: Simulated frequency response of a matched SPUDT transversal filter.
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Figure 4.5: Double-aperture variant of the SPUDT structure in Fig. 4.2.

significantly from the conventional 50 € design and measurement environment. A
simple way of reducing the characteristic impedance to one half is to use two parallel
signal paths. In practice, this is easily accomplished by implementing two parallel
acoustic channels with common input and output, see Fig. 4.5.

The experimental results reveal the presence of loss mechanisms, see Fig. 4.6. The
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Figure 4.6: Comparison of simulated and experimental frequency responses of a
transversal SPUDT filter. For both transducers, the unit cell is 4\¢ wide with four
transducer electrodes and three reflecting floating electrodes. Here, Neeps/ipr = 5.

difference of the matched experimental and matched simulated results may be largely
attributed to the intrinsic attenuation on the free surface, the attenuation inside the
electrode structure and the resistivity of the electrodes. However, the estimations
made in Paper VII suggest that loss mechanisms not accounted for further degrade
the device performance.
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5 Discussion

This Thesis focuses on the analysis and application of reflecting structures for SAW
devices on 128° Y-cut LiNbOj3. The accomplishments of the present research are the
additional elements introduced to the data analysis tools already available in the SAW
research, their efficient use to extract quantitative data on the various structures of
interest and the implementation of innovative SAW devices based on the parameters
extracted. In this Thesis, the feasibility of a number of data analysis methods is
demonstrated and a large amount of values for design parameters, dependent on
the electrode geometry, are presented. The results provide a data basis for different
designs, setting a good initial value for optimization.

Even though fairly reliable parameter values are achieved, challenges still remain in
the roadmap towards more accurate characterization. Possible inaccuracies originate
from the implementation of the numerical operations in the simulation software, from
errors arising from the time gating procedure used in the analysis, and from the
phenomenological nature of the model employed as the framework for the parameters.
As far as the performance of the simulation tool is concerned, the numerical results
obtained may be compared to experiments to study and enhance the accuracy.

The reflectivity of long structures on various combinations of metal electrodes on a
piezoelectrical substrate has been studied extensively in the literature using simulators
for infinite periodic arrays. The finiteness of the structures in actual devices gives
rise to behaviour which is not necessarily predicted by the infinite periodic models.
In order to test the accuracy of simulations of infinite arrays, simulations of finite
structures are carried out. In this Thesis, the properties of reflector gratings operating
at the second harmonic frequency, as well as those of short structures are studied.
Several methods are proposed for the extraction of the reflectivity, and the results are
given in the framework of the COM model. An unexpectedly high reflectivity is found
for gratings operating at the second harmonic frequency, which, together with the
low spurious level of 128° LiNbQs, is favourable for a number of applications. Short
reflectors for which the end effects are pronounced are shown to exhibit properties
different from those of a unit section in an infinite array. The energy scattered from
short reflectors, compared to the energy reflected back as a SAW, is estimated to be a
significant contribution — in many cases, the scattering is the dominant phenomenon.
The phases of the reflection and transmission coefficients of short reflectors are studied
as functions of the cross-sectional profile of the electrode. For the first time, extensive
quantitative data is presented, providing a solid basis for a designer.

The evaluation of attenuation inside a reflector grating is a problem difficult to
address. The propagation attenuation on a free or metallized surface may be evalu-
ated fairly accurately by simple delay line experiments but estimating the scattering
of the SAW signal incident on a grating is a more challenging task to tackle. The
effects of reflectivity and attenuation manifest themselves in a similar manner in the
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frequency response of the reflector and, in most practical cases, the reflectivity is the
dominant phenomenon. In this Thesis, explicit means to evaluate the attenuation
inside a reflector grating are presented. A simple method proposed allows one to
directly evaluate the attenuation from the level of the minima of the reflection re-
sponse normalized by the transmission characteristics of the grating. Furthermore,
carrying out numerical simulations in which the propagation losses are excluded, an
extraction method is provided for estimating losses due to the scattering only. To
the best knowledge of the author, the results obtained here constitute the first set of
data for attenuation inside gratings as a function of the electrode geometry. Although
the attenuation results are ample for the substrate studied, there are questions which
remain unanswered. To mention one topic, a particular issue possibly resolvable us-
ing the methods used in this work is the frequency dependence of the attenuation
parameter.

The topics discussed in this Thesis are relevant for practical device designs, fore-
most in the field of SAW passive RF interrogation. SAW ID tags comprise an IDT and
a number of different reflectors, both being elements studied in this work. Moreover,
a compromise between the tag size, the resolution of the manufacturing technology
and the available frequency band for the system should be made. In this work, an
innovation was introduced, allowing the high-volume fabrication of a low-loss SAW
transducer for operation in the 2.45 GHz ISM band. The foundation of this improve-
ment lies in the observed significant difference in the reflectivities of wide floating
and narrow grounded electrodes, which may be exploited to achieve unidirectional
operation of an IDT.

A recently proposed novel scheme [221,222] overcomes the drawback of the earlier
SAW tag systems. Despite the good technical performance of the latter, the limitation
on the number of different codes available hindered the widespread commercial use of
SAW tags. In the proposed new scheme, the data capacity is foreseen to be sufficient
for a global system, a feature necessary to challenge the currently used bar code
system. Using the proposed technique, the number of unique tag numbers available
is reported to exceed 10 [221]. A variety of short reflectors is needed for encoding the
input signal. A successful implementation of the system requires precise knowledge
of the reflection, transmission and loss characteristics of each individual reflector.

This system is envisaged to monitor the phases of the partial reflected signals, in
addition to their amplitudes. Parallel with the study of small-signal amplitudes, the
analysis of their phases constitutes an independent contribution in the present work.
Here, for the first time, quantitative data for the phase changes associated with the
reflection from and transmission through short SAW reflector gratings is provided.
However, the results obtained are to be considered as preliminary in nature until
supportive findings in parallel topics serve to confirm them.

The future developments in SAW identification will show whether the results of
this work will have an impact beyond the scientific community of acoustical signal
processing.
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Abstracts of Publications I-VII

I  In this work, we study theoretically the operation of long surface acoustic wave
reflectors, comprising a large number of electrodes, at the fundamental and sec-
ond harmonic frequencies on the 128° LiNbQOj substrate for various electrode
thicknesses and metallization ratios. Numerical simulations utilizing tailored test
structures and time gating indicate that the reflectivity of the second-harmonic
reflectors can be very high for certain geometries. Furthermore, our simulations
suggest that inside the stopband the total losses for the second harmonic are of
the same order as those for operation at the fundamental harmonic.

IT  In this work, we study numerically the operation of surface acoustic wave (SAW)
reflectors comprising a small number of electrodes on the 128° YX-cut lithium
niobate (LiNbOj) substrate. The electrodes have a finite thickness, and they
are either open circuited or grounded. The center-to-center distance between
adjacent electrodes d corresponds roughly either to half of the characteristic
wavelength d o< \g/2 or to d o< A, for the reflectors operating at the fundamental
and second harmonic modes, respectively. We use software based on the finite-
element and boundary-element methods (FEM/BEM) for numerical experiments
with a tailored test structure having 3 interdigital transducers (IDTs), simulating
experimental conditions with an incident wave and reflected and transmitted
SAWs. Using the fast Fourier transform (FFT) and time-gating techniques,
calculation of the Y-parameters in a wide frequency range with rather a small
step allows us to determine the reflection coefficients, and to estimate the energy
loss due to bulk-wave scattering. The detailed dependences of the attenuation

and reflectivity on the metallization ratio and the electrode thickness are given
for the classic 128°-cut of LiNbOs.

ITT We consider the interaction of surface acoustic waves (SAWs) with short elec-
trode gratings encompassing only few electrodes on 128° lithium niobate (LiNbOs3).
The qualifications of the reflectors are evaluated by comparing the part of inci-
dent SAW energy scattered by the structure into the bulk to the energy reflected
back as a SAW.



IV

VI
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We study numerically the phase of surface acoustic waves reflected by or trans-
mitted through short reflectors comprising only 1-3 aluminium electrodes on
128° YX-cut LiNbO3. The electrodes have a finite thickness and they are ei-
ther open-circuited or grounded. The center-to-center distance between adjacent
electrodes d corresponds roughly either to half of the characteristic wavelength
d o< A\g/2 or to d o< Ay, for the reflectors operating at the fundamental and second
harmonic modes, respectively. We use software based on the finite-element and
boundary-element methods (FEM/BEM) for numerical experiments with a tai-
lored 3-IDT test structure, simulating experimental conditions with an incident
wave and reflected and transmitted SAWs. Employing artificial enhancement of
time resolution in conjunction with the fast Fourier transform (FFT) and time-
gating, calculation of the Y-parameters in a relatively wide frequency range
allows us to determine the phase of the reflection and transmission coefficients.

In this paper, the extraction of the coupling-of-modes (COM) model attenuation
parameter 7y in a finite grating is considered. We use test structures comprising
identical transmitting and receiving transducers and a grating centered in the
acoustic channel along the propagation direction of the surface acoustic wave
(SAW). The extraction procedure is based on studying the magnitude of the
ratio of the reflection and transmission coefficients of the grating, R/T, obtained
through time gating from the S parameter measurements of the test devices.
In particular, it is found that the level of the notches of R/T directly depends
on the attenuation of SAW in the grating. A simple closed-form expression
for the attenuation normalized to the grating length, vy, depending on the
characteristics of |R/T|, is given. The extracted attenuation is presented as a
function of the thickness (h/)\o) and the metallisation ratio (a/p).

A single-phase unidirectional transducer (SPUDT) structure using /4 and wider
electrodes is introduced. The considerable difference between the reflectivity of
short-circuited A/4 electrodes and that of floating A/2-wide electrodes on 128°
lithium niobate (LiNbO3) is exploited. The surface acoustic wave (SAW) device
operating at 2.45 GHz has critical dimensions of about 0.4 pm, accessible for
standard optical lithography.

VII Filters based on employing single-phase unidirectional transducers (SPUDTS)

consisting of A\/4 and wider electrodes are presented. The design variants ex-
ploit the significant difference between the reflectivity of short-circuited A/4
electrodes and that of floating wide electrodes on 128° LiNbOj3. The SAW de-
vices operating at 2.45 GHz have critical dimensions of about 0.4 pm, accessible
to standard optical lithography. When matched, the fabricated SPUDT filters
exhibit minimum insertion losses of 5.5-7.9 dB together with 3 dB passbands
of 89-102 MHz. The majority of the insertion loss can be attributed to the
attenuation on free surface and inside the grating, and to the resistivity of the
electrodes.





