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Abstract - Simulation of surface acoustic wave devices has a number of distinct features, especially when it comes to a multiphysical 
analyses. An interesting case is a model of a surface acoustic wave gyroscope sensing element. It requires a hard coupling of 
piezoelectric and mechanical (e.g. Coriolis) effects. This fact along with a high operating frequency leads to a time and hardware-
consuming task. To overcome this problem without sacrificing the precision and space dimensions of the model, a novel layered 
models technique was used in OOFELIE::Multiphysics software. It allows to create a perfect mesh, which reduces the 
computational time, and to automate the process of design optimization from the point of number and position of electrodes. 
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I. INTRODUCTION 
 
In the last years there is a growing interest in a small, 

energy efficient and extremely high shock (up to 50 000 g) 
resistant inertial sensors [1]. Conventional MEMS gyros 
cannot satisfy these requirements due to moving parts and 
elastic suspensions present in their design. The solution may 
come from surface acoustic wave (SAW)-based sensors [2]. 
Its sensing element is a piece of a crystal wafer with a thin-
film metallization on its surface. Design process of these 
sensors is going for quite a long time and still in progress. 
Most time-consuming stage is a construction optimization, 
especially in the part of electrode topology. Each design 
concept of a SAW-based gyroscope consists of a number of 
well-known elements (delay lines (DL), resonators, and 
others) which form a sensing part and some necessary 
electronics. The sensors characteristics depends mainly on 
the parameters provided by the sensing part. Therefore, it is 
crucial to find an optimal design of its topological elements.  

Earlier there were several approaches in modeling of 
SAW gyros. Mainly it was coupling-of-modes (COM-) 
modeling [3, 4], but some authors performed a FEM analysis 
using COMSOL or ABAQUS [5]. Only one of them 
performed a 3D analysis and no one took the Coriolis effect 
into account. All the simulations were performed for Ω = 0. 
Since the object of the research is a gyroscope, it is necessary 
to have the Coriolis force taken into account. Also, for some 
design concepts (on standing waves, for example), it is 
necessary to have a full 3D model. Therefore, 
OOFELIE::Multiphysics software was chosen for 
calculation, as it provides a hard coupling between 
piezoelectric and mechanical problems. 

The evaluation of this software applicability for 
simulation of SAW-based inertial sensors was performed on 

the model of a two-channel delay line [6], which is shortly 
reviewed in section III. Despite the good results, the model 
represented the exact device. The process of its adjustment 
for another electrode topology, though, a very similar one, 
required a full rebuilding and, therefore, was time-
consuming. As the electrode topology optimization is a 
crucial process for the design of SAW-based devices, a novel 
layered model technique was introduced and tested.  

First, let us consider the basics of SAW-based gyro 
operation to understand the physics concerned in the model.  

 
II. SURFACE ACOUSTIC WAVE GYROSCOPIC 

EFFECT 
 
Let us consider a plane Rayleigh wave propagating along 

the surface of a linear elastic medium that occupies a half-
space (Z ≤ 0) as shown in Fig. 1 [7].  

 

 
Figure 1. Gyroscopic effect on a Rayleigh wave 

 

The wave propagates along the X-axis. As an aperture is 
typically ~ 50λ we may say that the wave does not depend on 
the Y-axis. In order to illustrate the gyroscopic effect caused 
by SAW we can analyze the molecular kinetics of particles 
on the surface (Z = 0) where the amplitude of their motion is 
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very large as compared with the motion in the interior of the 
medium. Since the particles of the Rayleigh wave have an 
out-of-surface motion that traces an elliptical path in the XZ 
plane, the particles at antinodes and nodes of the SAW 
vibrate normally to the surface and in the tangential 
direction, respectively.  

If the medium rotates around the Y-axis with a constant 
angular rate Ω, the waving particles are subjected to Coriolis 

acceleration VaC


 2 , where V is a speed of an out-of-

plane particle motion. Consequently the Coriolis force 
appears, acts on the vibrating particles, and excites a new 
traveling wave shifted by λ/4. This changes the phase 
velocity of the SAW proportionally to the angular velocity. 
Note that the effect of the Coriolis force on the particles 
located at the back of the substrate can be neglected due to its 
insignificance.  

The delay time can be converted into corresponding 
phase or frequency increments. Therefore, several different 
ways to extract the desired signal are used in practice. 

The first is the delay time measurement, which can be 
performed in a pulsed or continuous mode. Let us assume 
that in the absence of rotation (Ω = 0) the SAW delay time 
for the sound conductor with the length L is t0 = L/V0, where 
V0 is unperturbed value of the SAW phase velocity. Then 
with the application of angular velocity Ω ≠ 0 phase velocity 
V0 changes by ΔV, which, in turn, causes a change in the 
delay time. If V0 >> ΔV (as it usually happens) the expression 
for Δt can be reduced to )1( 000 VVttt    , where 

ΔtΩ is the delay time increment caused by the rotation. 
Next, we can use this delay time increment to easily 

estimate an additional phase shift of SAW caused by angular 
velocity Ω. In this case the expression for the output 
parameter becomes ΔΦΩ = βΩL/V0, where β is a conversion 
factor dependent on the parameters of the sound conductor 
materials. 

It should be noted that in phase measurements the value of 
phase increment does not depend on the SAW frequency. It 
makes the use high frequencies possible in order to improve the 
accuracy of measurements, which can be implemented both in 
continuous and pulsed SAW modes. Since phase measurements 
are cyclical, they are characterized by some ambiguity. This 
problem has been solved in radio engineering (low-frequency 
modulation, pulse mode, phase cycles counting, etc.). In 
addition, phase measurements are accompanied by spurious 
reflections in the acoustic conductor, which should be 
suppressed. In this case the use of pulse-phase technique is 
effective as it allows distinguishing the first order reflections 
from reflections of higher orders.  

Another method of extracting the informative signal is to 
connect a DL or a resonator to a positive feedback amplifier to 
form the oscillator. In this case, the SAW phase velocity 
variation will lead to a change in the oscillator’s frequency 
according to the formula:  
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As seen from (1), the measured oscillation frequency 
increment ΔωΩ depends on the elastic constants of the sound 
conductor, i.e. the substrate material. The abovementioned 
results allow us to write down the chain of equations that 
characterize general properties of time, phase, and frequency 
methods of measuring angular velocity Ω: 
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Several design concepts were based on this effect [8, 9], 
e.g. the one utilizing a two-channel delay line [10] that was 
chosen to evaluate the performance of 
OOFELIE::Multiphysics in simulation of SAW-based gyros. 

 
III. TRADITIONAL FEM MODELLING 

 
A two-channel DL, described in [10], was selected as the 

object of modeling for the following reasons: 
• it is a low-frequency DL (20 MHz), which, on the one 
hand, provides high sensitivity [9], and, on the other hand, 
allows the model simulation without a powerful computer; 
• detailed results of the experimental studies of such a DL 
(frequency response of each channel) and a description of the 
topology of the electrodes (their number, width, pitch, etc.) 
are presented in [10]; 
• in the case of a two-channel DL, it is possible to estimate 
the effect of the angular velocity on waves traveling in 
opposite directions. 

The model represented a quasi-2D sectional cut of the 
dual channel DL shown in Fig. 2 (“quasi” denotes that 
virtually the geometry had a third dimension but it was 1-
element thick and all the movement in this direction was 
locked). 

The model consisted of a wafer made of 128° YX-cut 
LiNbO3, excitation inter-digitated transducers (IDTs) (8 
fingers with a 1 V harmonic signal, 16 fingers with 0 V), 2 
receiving IDTs (consisting of 2 groups of 24 equipotential 
fingers each) and a PML (perfectly matched layer). The latter 
was used to simulate an endless medium behind the receiving 
IDTs. Parameters of the material used in simulation are 
presented in Table I [11].  

 
TABLE I. PARAMETERS OF LINBO3 USED IN SIMULATION. 

Parameter Value 
Density, kg/m3 4647 

Stiffness coefficients, 1011 N/m2 

c11 2.03 
c33 2.42 
c44 0.595 
c21 0.573 
c31 0.752 
c41 0.085 

Piezoelectric modules, C/m2 

e22 2.5 
e33 – 0.0436 
e15 3.7 
e31 0.2 

Permittivity constants, 10-11 F/m 
ε11 39 
ε33 20.4 
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Figure 2. Overview of a quasi-2D cut of a delay line. 

 

 
Figure 3. Amplitude-frequency curve of the simulated DL 

 

 
a) 

 
b) 

Figure 4. Transient processes in a two-channel DL for the left IDT (a) and 
for the right IDT (b). 

 
The main objective of the simulation was the frequency 

curves. For both channels they were identical and one of 
them is shown in Fig. 3. The obtained curve has been in a 
perfect match with the experimental one with an error of 
about 1% for the central frequency and a bandwidth. The 
power level is much lower than in the real device due to the 
lack of electrical impedance matching with the load. This 
problem is negligible, because at the simulation stage the 
most important is the central frequency and general view of 
the curve, but not its amplitude. 

Simulation of rotation velocity effect had also been 
performed and showed results similar to theoretical 

predictions [12], but 2 times stronger. It was considered that 
this mismatch comes from the centrifugal forces that were 
not estimated in theory, but were taken into account in 
simulation. 

Transient processes in each of the DL channels had been 
studied separately. The nature of their flow is shown in 
Fig. 4. For both channels the value of the delay time was 
about 2.5 μs, which coincides with the theoretical value. The 
time of the transient process is about 1 μs, which in total 
determines the readiness time of such a DL as 3.5 μs. 

 

 
 

 
Figure 5. The model footprint and its parts: 1 – the whole footprint,  

2 – footprint of PML layerparts in the beginning and the end of the model; 
3 – footprint of the wafer; 4 – footprint of the lower part of the model;  

5 – footprint of an electrode edge.  

 
In Fig. 4, a, at the time 4 μs the peak is clearly visible, 

and in Fig. 4, b there is a pit. Their presence is due to the 
deactivation of PML in the time domain. As a result, 
traveling waves were reflected from the boundary of the 
material, which resulted in interference effects. For the left-
hand IDT (Fig. 4, a), the addition took place in phase, and for 
the right-hand IDT (Fig. 4, b), in antiphase. In a real device, 
this effect will occur when the receiving IDTs are close to 
the edge of the sound conductor. 

 
IV. LAYERED MODEL SCRIPTING 

 
Since the design of a SAW-based gyro utilizes a 

periodical structure of the electrodes, which formalization 
requires a lot of time when the model is created manually, it 
is sensible to automate the process of model creation. In this 
case the number of electrodes in each IDT, its width, spacing 
and other parameters might be stated as variables and created 
in a looped algorithm. For this purpose a special library of 
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layered model scripts was created by Open Engineering S.A. 
[13]. 

The process of simulation utilizing this technique is 
following: 

1) The one creates a 2D-model representing a footprint of 
the whole model. Its schematic is shown in Fig. 5. All the 
areas with different parameters and/or crossections (e.g. 2–4 
on Fig. 5) should be separately marked and named to be 
addressed later. If the object is lateral (lies in the plane 
orthogonal to the footprint) it is represented by the edge (5 
on Fig. 5).  

2) The footprint is meshed. As it is a 2D-object, it is 
meshed easily and with a high quality. Parameters of a 2D 
mesh created at this step (size, order, etc.) would be 
extrapolated to the whole model.  

3) The 3D-model is “grown” from the footprint by a 
preliminary written algorithm. It takes one by one all the 
addressed areas and extrudes them in the direction 
orthogonal to the footprint plane. Each extrusion is separated 
to a desired number of layers. All the parameters (behaviour, 
material, constraints, loads, predefined parameters etc.) are 
applied to a newly grown layers along with the extrusion. 
The algorithm should be written using Epilogue language 
and may contain cycled structures in order to create a 
multiple number of alternating layers, case structures, etc. 
Parameters of different materials might be included in the 
code in such a way that the operator needs only to choose 
one from the list.  

4) The model is converted to the form readable by solver 
and, consequently, calculated. This step is also specified in 
the code and performed automatically.  

5) In a separate project the grown mesh is imported for 
the overview. Each layer might be coloured to be visible. 
The step is optional. 

6) Results are imported and ready for post-processing. 
Using the described method a script for the simulation of 

a two-channel delay line was created. It described the same 
model in 350 code lines, most of which were repeating 
blocks describing IDTs [14]. The only difference was that  
this time the electrode material and thickness were taken into 
account (in a hand-built model the voltage was applied 
directly to the crystal surface, because specifying the electrode 
material required some scrupulous work, while the expected 
effect was weak). The calculation required about 3 times less 
time than the model built with traditional manual method. 

Obtained frequency curve is shown in Fig. 6 (a). It is 
clearly visible that the curve is in a good match with the 
previously obtained. Main difference is that the new curve is 
much more detailed, especially in the peak area (Fig. 6(b)). 
In addition, the part in lower powers is described better.  

 
V. CONCLUSION 

 
Proposed method of scripting the layered models showed 

that it is very promising for the simulation of different SAW 
devices: 

 The creation and properties description of a repeated 
structures (such as IDTs, for example) is done 
automatically; 

 Once properly scripted, the model becomes fully 
parametrized and may be easily adjusted even by non-
professionals to simulate all the desired electrode 
topologies and wafer materials; 

 The calculation time is much reduced due to a better 
meshing; 

 The resulting frequency curve is more detailed and 
precise. 
It should be noted that, besides the described effect, 

SAW-based gyroscopes might be also constructed utilizing 
standing waves. Simulation of these devices is somehow 
different and requires a full 3D-model.  

 

 
a) 

 
b) 

Figure 6. Frequency curve obtained using layered modeling (a) and its 
magnifyied peak (b). 

 
It was also performed [15, 16] and layered models 

technique seems promising for it, but was not yet 
implemented. In addition, it is planned to modify existing 
script to provide an opportunity to work in a time domain. 
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