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Abstract

We study numerically the phase of surface acoustic waves
reflected by or transmitted through short reflectors compris-
ing only 1-3 aluminium electrodes on 128° YX-cut LiNbOs3.
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 oc A\g/2 or to d o< Ao,
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 3-IDT test struc-
ture, simulating experimental conditions with an incident
wave and reflected and transmitted SAWs. Employing artifi-
cial 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.

I. INTRODUCTION

In this paper, we report the third part of the
simulated results for reflectors comprising 1-3 elec-
trodes. Here, we concentrate on the phases of the
reflection and transmission coefficients. The magni-
tude of the former as well as quantitative estimates
of attenuation due to scattering into the bulk were
reported in Ref. [1]. The optimum electrode geom-
etry was considered in Ref. [2].

We continue the study of short reflectors (dif-
ferent thicknesses of the aluminium electrodes and
metallization ratios are considered) operating both
at the fundamental frequency, when the center-to-
center distance between the adjacent fingers d is co-
measurable with half the SAW wavelength A\ /2 or,
at the 2"? harmonic, with d close to Ag.
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Conservation of energy implies that the reflection
and transmission coefficients are in phase quadra-
ture +90° [3]. The same result is obtained from the
equivalent circuit model by analysis of wave reflec-
tion from small impedance discontinuities [4]. Of-
ten, the reflection coefficient of a single electrode
is defined by R = —jRy [5]. For most materials,
Ry is a real positive value but, for the particular
case of either open-circuited electrodes or shorted
electrodes with rather heavy mass loading on 128°
LiNbOg3, Ry has a negative sign and the phase is
about 4+90° [5]. To avoid any ambiguity, we will
always refer to the total reflection coefficient R =
|R|ej-Phase-180/7r'

In a rough approximation, the Rayleigh-wave re-
flection from a single electrode corresponds to the
one-dimensional problem of reflection of a bulk wave
from a layer of an acoustically different medium.
The solution of this classical problem is straightfor-
ward. For reference, the formulas for the reflection
and transmission coefficients are reproduced here
for arbitrary elastic media. No assumption is im-
plied that the difference in acoustic properties of
the two media is small.

Consider an isotropic medium constrained by two
semi-infinite layers of another isotropic medium and
a longitudinal bulk wave propagating towards the
positive x-direction @ = (ug,0,0), incident on the
first boundary, see Fig. 1. Introducing the trial so-
lutions for the incident, reflected and transmitted
waves with the reference point at x = 0,

Zone I: up = uoe*i(klw*wt) + uRei(klaH»wt),
(1)

Zone I upp = uge R22=wt) 4 ) pilkaztwt)
(2)

Zone III:  up = upe”tF1e—«t) (3)

one can calculate the stress and strain fields. Ap-
plying Newton’s law and the boundary conditions
that both the deformation and stress be continuous
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Fig. 1. Schematic of the one-dimensional purely mechanical

scattering problem.

across the boundaries at * = —a and x = a one ar-
rives at the expressions for the amplitude reflection
and transmission coefficients:
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where p;, ¢; and k; are the density, stiffness and
wave vector in the medium ¢ = 1,2. Note that for
arbitrary parameters for the two media, the phase
difference given by R/T is seen to be £90°. How-
ever, the phase of the reflection coefficient is not
necessarily exactly equal to +90° because of the
two exponential factors in Eq. (4). The exponen-
tial term in the numerator corresponds to the de-
lays inside the middle layer while the one in the
denominator can be attributed to multiple reflec-
tions. The same effects accordingly shift the phase
of the transmission coefficient.

Figure 2(a) displays the phase of the reflection
coefficient for the case where the middle layer has
a lower acoustic impedance than the semi-infinite
layer I and IIT (see Fig. 1), its width being either a
quarter of or half a wavelength in medium II. The
former corresponds to the fundamental-mode elec-
trode with @ = A\g/4 and the latter to an electrode
operating at the second harmonic frequency with
a = Ao/2. It can be seen that for the A\g/4 case, the
phase of the reflection coefficient is close but not ex-
actly equal to +90°. For the simulated A\y/2 case,
the phase changes sign at some frequency where the
reflection coefficient of Eq. (4) passes through zero.
If the layer in the middle were acoustically denser,
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Fig. 2. Theoretically calculated phases of the reflection and
transmission coefficients in the problem of Fig. 1. Solid
line: Ao/4-wide middle layer. Dashed line: Xo/2-wide
middle layer. (a): Reflection coefficient. (b): Transmis-
sion coefficient.

the reflection coefficient would have an opposite sign
with its phase close to —90°.

Figure 2(b) displays the phase of the transmission
coefficient for the corresponding geometries; it is
not exactly zero reflecting the fact that the wave
is delayed inside the middle layer, and the delay
increases with frequency.

II. SIMULATION METHODS

In this paper, we further analyze the simulation
results obtained earlier for short reflectors on 128°
LiNbOj [1]. The calculations were carried out us-
ing a rigorous simulation tool [6,7] which describes
the substrate via Green’s functions, uses the finite-
element method (FEM) to compute the fields on
the electrodes and combines the two regimes by the
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Fig. 3. Test structure for simulations of short reflectors on
128° LiNbO3. The values N1 = 21, Nyo = N¢3 = 6, Ny
=1...3, Ao = 1.6 pum, W = 200 pm, w; = 160 pm, and
wo = w3z = 64 pum are used.

boundary-element method (BEM). In the simula-
tions, intrinsic material losses were excluded from
Green’s functions and the resistivity of the elec-
trodes was ignored.

The test structure used in the numerical experi-
ments, see Fig. 3, includes rather long and efficient
an input transducer (electrical port 1), two identi-
cal split-finger receiving transducers with only a few
electrodes (ports 2 and 3) and the device under test,
the reflector, placed between the receiving trans-
ducers. A similar structure was used some time ago
by P. Wright in experimental measurements of the
properties of SAW metallic gratings [8]. As dis-
cussed in Ref. [1], the guidelines for selecting the
numbers of fingers in the different elements are, on
one hand, the aim to minimize the frequency and
time dispersion caused by the DUT to the incident
signal and, on the other hand, a feasible simulation
time. The center-to-center distances between the el-
ements in the test structure were chosen such that
the partial signals of interest, registered at ports
2 and 3, have equally long propagation paths and
hence, identical propagation times. The wavelength
of the input transducer is 1.6 pym (p = 0.8 pm)
which corresponds to a center frequency close to
2.5 GHz on the 128° LiNbOs substrate.

To describe the perturbation brought about by
the DUT to the incident SAW, we use the fact that
the Y-parameters Yo; and Y3; are actually propor-
tional to the currents generated in the IDTs at ports
2 and 3 and, thus, proportional to the SAW ampli-
tudes incident on the transducers. Moreover, the
complex-valued elements of the admittance matrix
contain the frequency-dependent phase information
attributed to the reflection from and transmission
through the DUT of the incident wave. The time-
gating procedure described in Ref. [1] allows one to
extract from Ys; and Ys; the contribution of the
direct transmitted wave (Y3;) and that of the wave

reflected from the grating (Y5,).

Following Ref. [1], the reference signal to which
the reflected and transmitted waves are compared is
the direct signal registered at port 3, obtained from
a simulation of the operation of a test structure in
the absence of the reflector, Yg’lref. This procedure
allows one to exclude the perturbation caused by
the split-finger transducer at port 2.

The frequency step A f and simulation bandwidth
B were set to 4 MHz and 2 GHz, thus yielding a 501-
point frequency grid. In the time domain, according
to

1
1

the total time span T and the interval between time
points At are 250 ns and 0.5 ns, respectively. The
time resolution of the simulation approximately cor-
responds 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 (1.6 pm). How-
ever, the phase changes attributed to the perturba-
tion caused by the electrodes may be only a fraction
of the full cycle. Thus, in order to extract reliable
data of the phase of the waves reflected from and
transmitted through the short grating, it is neces-
sary to address the problematics of the insufficient
time resolution.

To render details of the time responses visible, we
use the following procedure. The time resolution is
enhanced if the frequency bandwidth is increased,
see Eq. (7). We continuously add dummy points
to the simulated frequency response, maintaining
the adopted frequency spacing Af = 4 MHz. As
a consequence, the time span is not affected, see
Eq. (6). The level of admittance of the dummy
points is set close to zero so as not to distort the
original response. By adding zeros to the frequency
response in the regions where the response is negli-
gible, the simulated response remains physically in-
tact, i.e., no new information is added. In principle,
such a wideband response could be calculated with
the FEM/BEM software used [6, 7] but, knowing
the response to have a negligible amplitude in these
frequency ranges, this procedure allows tremendous
savings in simulation time. To suppress the influ-
ence of the resulting abrupt changes in the level
of the extended frequency-domain signal, a weight-
ing function is applied to smoothen the transitions
from the low and high-frequency ends of the origi-
nal frequency response to the minimum level of the
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and freg and fena denote the lowest and the highest
frequency points of the simulated response, respec-
tively. As a result, only the insignificant parts of
the frequency response are adjusted, see Fig. 4.
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Fig. 4. Illustration of the manipulation of the simulated fre-
quency response to enhance time resolution. Solid line:
Original response. Dashed line: Weighted response.

Adding 374 dummy points in the region cover-
ing the frequencies 4. .. 1496 MHz and 9125 dummy
points covering the frequencies 3504. . .40000 MHz,
we obtain a 10000-point frequency grid with the fre-
quency step Af = 4 MHz and an extended band-
width of Beyt = 40 GHz. The resulting time resolu-
tion is B_,1 = 0.025 ns, and the corresponding SAW
propagation distance is roughly 4000 m/s - 0.025 ns
= 0.1 pm, only a fraction of the SAW wavelength at
the center frequency (Ag = 1.6 pm). The procedure
described above thus allows to illustrate the signals
in the time domain in the form of sinusoidal waves,
instead of only seeing sparsely spaced points of the
same sinusoids.

The reflection and the transmission coefficients
are obtained through time gating (for details and
values, see the first part of this work, Ref. [1]). The
phases of the reflected and transmitted signals are
evaluated in both the frequency and time domains.

In the former, the result is presented in a frequency
band about the central frequency, and in the latter,
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.

In the frequency domain, the phase of the reflec-
tion coefficient is extracted simply from

=2, (Yf}ff()f)> 7

31

(9)

where Y5, is the time-gated reflected signal contri-
bution in the frequency-domain, and Yg’lref is the
time-gated direct signal observed at port 3 in the
absence of the reflector. The phase of the reflection
coefficient was also studied in the time domain. Val-
ues averaged over the time span At corresponding
to the interaction of the pulse transmitted form port
1 with the receiving transducers (reflected pulse at
port 2 and reference pulse at port 3) are consid-
ered. The chosen averaging time span At extends
from 72.5 to 75 ns, see Figs. 5-6.

21(t)

360°
/ [Rt] = o - mean {Z (W) }At . (10)

The same guidelines were followed for the extraction
of the phase of the transmission coefficient:

L (

Y (f)
Y5 ()

_860° Y3, (t)
e e {2 (G}

where the signals Y3, and Y5;"' are the admit-
tances observed in the presence and absence of the
reflector, respectively. The propagation distances of
the transmitted and the reference signals are obvi-
ously exactly equal.

o (11)

III. PULSE REPRESENTATION

The influence of the grating on the incident pulse
can be studied by comparing the time responses of
the partial signals. In Figs. 56, the real part of
the time-domain admittance of the reflected signal
corresponding to reception at port 2 after reflection
from the reflector studied (Re{Y5;}) is compared to
the real part of the reference signal received at port
3 (with no reflector present, Re{Yg’lref}). Taking
the reflection center to be located in the middle of
the reflector, the propagation paths of the signals



are equal. Note that the scales of the responses are
different. The metal thickness in each figure is h/Ag
= 5%, and the metallisation ratio is a/p = 0.5. The
grating length is varied from 1 to 3 electrodes. In
Fig. 5, the operation of the fundamental-mode grat-
ing is illustrated, and in Fig. 6, the second-harmonic
gratings are considered.

It is to be noted that partial reflections from the
individual reflector electrodes have different propa-
gation paths. The centers of the electrodes may be
shifted with respect to the center of the reflector.
For the single-electrode case, the center of the elec-
trode evidently coincides with the center of the re-
flector. For 2-electrode gratings, however, the cen-
ter of the reflector is located in the middle of the gap
between the grating electrodes, and for 3-electrode
gratings, the center of the reflector coincides with
the center of the middle electrode. Consequently,
for 2- and 3-electrode reflectors, the reflected pulse
is slightly wider than the incident pulse in the time
domain.

Two effects have an influence on the form of the
reflected signal. First, the distributed electrodes
give rise to partial reflections, which have differ-
ent propagation paths, some of which are shorter
and some longer than that of the reference signal
(Yg’lref). In Figs. 5-6, especially for 3 electrodes,
one can clearly see the initial stage of the reflec-
tion process. Second, the form of the very first
oscillation in the train of sinusoids within the re-
flected pulse depends on the phase of the reflection
coefficient. The positive phase (typically +90° for
open-circuited or rather thick grounded electrodes
on 128° LiNbO3) results in a corresponding shift to
the direction of inverse time by a quarter of a cycle
and, consequently, the very first oscillation of the
pulse appears to arrive at the receiving transducer
a quarter cycle earlier than the reference signal. As
discussed in the next paragraphs, with the excep-
tion of fundamental-mode 2-electrode reflectors the
differences in propagation paths in the test struc-
ture used are such that they only result in phase
shifts of 427, which are invisible in the total phase
mismatch between the reflected signal and the ref-
erence signal.

For fundamental-mode electrodes, the width of
the electrode is on the order of A\g/4 and the center-
to-center electrode separation is exactly Ag/2. For
a two-electrode fundamental-mode grating, with its
center located exactly in the middle of the gap
between the electrodes, the first electrode is thus
shifted the distance \g/4 towards the transmitting
transducer (port 1) and the first receiving trans-
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Fig. 5. Reflected pulse (Re{Y%;}) for a fundamental-mode
shorted grating (p/Xo = 0.5) for h/\o = 5% and a/p =
0.50. (a): Ngy = 1. (b): Ng; = 2. (c): Nep = 3.
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ducer (port 2). Correspondingly, the second elec-
trode is shifted a distance exactly equal to Ag/4 to-
wards the second receiving transducer at port 3. As
a result, the propagation path of the partial signal
reflected from the first electrode is 2 - A\g/4 = Ao/2
shorter than the nominal propagation path with the
reflection center in the middle of the reflector. This
corresponds to a positive phase shift of 7. Anal-
ogously, the propagation path of the partial signal
reflected from the second electrode is Ag/2 longer
than the nominal propagation path. The reflected
contributions thus have a difference in propagation
path lengths equal to A, or a full cycle, and they
interfere constructively. However, when compared
to the reference signal (Yg’lref), the reflected par-
tial signals experience an additional phase shift of
+7 due to the difference +Ag/2 in the length of the
propagation path. This is visible as the total phase
shift of 37 /2 backward in time, which is observed as
what appears like a reversed polarity of the reflected
pulse in Fig. 5(b).

For 3-electrode fundamental-mode gratings, the
first electrode is located at a distance exactly equal
to Ao/2 towards the transmitting and first receiv-
ing transducers, and the 3" electrode is located
at a distance Ag/2 towards the second receiving
transducer. The different reflected contributions are
again in phase and, as opposed to the fundamental-
mode grating with 2 electrodes, the differences in
the lengths of the propagation path with respect
to the reference signal (Y$;"") are multiples of the
wavelength. Hence, the differences in propagation
path only give rise to additional phase differences
equal to 27 and, as illustrated in Fig. 5(c), result in
a total phase mismatch between the reference and
reflected signals equal to that caused by the reflec-
tion, about 7/2.

For second harmonic gratings, where the width of
the electrode is on the order of A\g/2 and the center-
to-center electrode separation is exactly \g, the lo-
cations of the electrodes only result in additional
phase differences equal to multiples of 2w. Thus,
the total phase mismatch between the reference and
reflected pulses is not affected by the difference in
the lengths of the propagation path, see Fig. 6.

In Fig. 7, the real part of the time-domain ad-
mittance of the partial signals corresponding to re-
ception at port 3 after direct transmission through
the reflector studied (Re{Y$,}) is compared to the
real part of the reference signal received at port 3
(with no reflector present, Re{Yg’lref}). The metal
thickness in each figure is h/Ag = 5%, and the met-
allisation ratio is a/p = 0.5.
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The conditions for the transmission differ sig-
nificantly from those of reflection. The majority
of the energy of the incident (= reference) signal
is transmitted with minimal changes in the pulse
shape. Even if multiple reflections inside the 2- or
3-electrode reflectors are taken into account, their
effect on the total transmitted response will be neg-
ligible. Evidently, the only difference between the
propagation paths of the reference signal and the
transmitted signal is then the reflector, which inter-
acts with the wave propagating through. Although
not studied in detail, the likely interaction mecha-
nism is increased mass-loading on the propagation
path, slowing down the wave and resulting in a
corresponding decrease of phase for the transmit-
ted signal when compared to the reference signal.
Hence, the transmitted signal arrives at the receiv-
ing transducer at port 3 later than the reference
signal. This is in accordance with the fact that the
reflected signal having a positive phase change ar-
rives at the receiving transducer at port 2 before the
reference signal is registered at port 3. The phase
delay due to transmission through a short grating
is manifested in Fig. 7. As expected, the delay in-
creases with increasing grating length.

IV. RESULTS

The rigorous FEM/BEM simulator [6,7] was ap-
plied to evaluate the phase changes related to the
reflection from and transmission through short re-
flectors for Rayleigh waves on 128° YX-cut LiNbOs.
The reflectors are either grounded or open-circuited.
The materials parameters by Kovacs et al. [9] were
used and the aluminum electrodes were assumed
rectangular and isotropic. The results are presented
as a function of the metallization ratio a/p (for the
274 harmonic grating, a/p = a/\o) and the relative
electrode thickness h/Ag.

A. Phase change at reflection

The phase change at reflection is illustrated in
the time domain in Figs. 8-10 and, for comparison,
the frequency-domain values for a single-electrode
reflector with h/\g = 5% are shown in Fig. 11.

The estimates for the phase change attributed
to the reflection obtained with Egs. (9) and (10)
are equivalent within the accuracy of the nuneri-
cal method. Comparing the curves corresponding
to h/XAo = 5% in Figs. 8 with values roughly aver-
aged from Fig. 11, one may verify that a very good
agreement is found. The difference in values ob-
tained from the two approaches is less than 2°. For
geometries with vahishing reflectivity, see Ref. [1],
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grating, evaluated in the time domain, as a function
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grounded electrodes. (b): Fundamental mode of opera-
tion (p = Ao/2), open-circuited electrodes. (c): Second-
harmonic mode (p = Xo).
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the phase of the reflection coefficient changes sign,
see, e.g., Fig. 9(a). In the frequency domain, a weak
reflectivity implies that the spectral contributions
distant from the center frequency have a relatively
more significant impact on the overall reflectivity.
Then, estimation of the phase using the averaging
band Af results in values of lesser accuracy.

Our results suggest that for single-electrode con-
figurations, the phase of the reflection coefficient is
relatively insensitive to the metallisation ratio for
the practically interesting electrode geometries, see
Fig. 8. In particular, for electrodes with thick-
nesses h/Ag = 5-7% and widths in the range a
= 0.4pg ... 1.0pg, the phase appears almost invari-
ant. When combined with the strong variance in
the magnitude of reflectivity, this is a very attrac-



tive feature for SAW tag applications. For two- and
three-electrode configurations, for all but few indi-
vidual geometries the phase change attributed to a
reflection from the grating decreases with increasing
metallisation ratio. The abrupt jumps crossing the
lines in Fig. 10(a) are attributed to the definition
range of the phase, [—7, 7).

B. Phase change at transmission

The phase change attributed to the transmission
through a grating is illustrated in time domain in
Figs. 12-14. Since, for a short grating, the absolute
majority of the signal power is transmitted, the ef-
fect of multiply reflected partial signals is negligible.
Consequently, the difference observed in the time-
domain and frequency-domain values (the latter not
shown) is practically nonexistent.

For all the cases studied, the phase delay increases
with increasing metallisation ratio and electrode
thickness. In the open-circuited gratings, the phase
delay is slightly smaller than that in the grounded
reflectors. In contrast to the phase characteristics
obtained with the simple model in Sec. I, the trans-
mission delay for single-electrode reflectors is not
strictly linearly proportional to the electrode width.
Moreover, it is interesting to note that, according
to the simulations, there are combinations of elec-
trode thickness and metallisation ratio for which the
phase delay attributed to the transmission through
the grating is equal for the fundamental and second-
harmonic modes of operation (e.g., grounded grat-
ings with Ne; = 3, a/p = 0.6 and h/Ag = 8%, see
Fig. 14).

V. DISCUSSION

We have numerically studied the phase changes
related to a reflection from and a transmission
through a short grating on 128° LiNbOg. Our quan-
titative results suggest that the phase change at-
tributed to the reflection depends on both the rela-
tive electrode thickness and the metallisation ratio.
Thus, for proper design of SAW devices incorporat-
ing several reflectors in the same acoustical chan-
nel, employing the nominally A\g/4- and Ag/2-wide
electrodes studied, a tight control of phase charac-
teristics is necessary. However, for single electrodes,
according to our simulations, a combination of vary-
ing magnitude of reflectivity with invariant phase
can be found for practical electrode thicknesses and
metallisation ratios.
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a single electrode, evaluated in the time domain, as a
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Fig. 13. Phase change attributed to transmission through
a 2-electrode grating, evaluated in the time domain, as
a function of the aluminum thickness h/Xo and metalli-
sation ratio a/p. (a): Fundamental mode of operation
(p = Xo/2), grounded electrodes. (b): Fundamental
mode of operation (p = \g/2), open-circuited electrodes.
(¢): Second-harmonic mode (p = Ao).
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Fig. 14. Phase change attributed to transmission through
a 3-electrode grating, evaluated in the time domain, as
a function of the aluminum thickness h/Ao and metalli-
sation ratio a/p. (a): Fundamental mode of operation
(p = Xo/2), grounded electrodes. (b): Fundamental
mode of operation (p = \g/2), open-circuited electrodes.
(¢): Second-harmonic mode (p = Ao).
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