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Abstract: Radio-frequency (RF) surface acoustic wave (SAW) resonators used as filters and duplexers
are mass-produced and widely used in current mobile phones. With the numerous emergences of
the diverse device structure, a universal method used for the accurate and fast simulation of the
SAW resonator calls for urgent demand. However, there are too many instances where the behavior
of the entire acoustic resonator cannot be characterized rapidly and efficiently due to limitations
in the current computer memory and speed. This is especially true for SAW resonators configured
with long arrays of inter-digital transducers (IDTs), and we have to resort to a periodic analysis. In
this paper, the previously reported generalized partial differential equations (PDE) based on the
two-dimensional finite element method (2D-FEM) model is extended to analysis for the periodic
structure of the SAW resonator. We present model order reduction (MOR) techniques based on
FEM and periodic boundary conditions to achieve a dimensionally reduced PDE model without
decreasing the accuracy of computations. Examples of different SAW devices, including the regular
SAW, ITHP-SAW and TC-SAW resonators, are provided which shows the results of the periodic
analysis compared with the experimental results of the actual resonators. The investigation results
demonstrate the properties of the proposed methodology and prove its effectiveness and accuracy.

Keywords: SAW resonator; partial differential equations; finite element method; COMSOL multi-
physics

1. Introduction

Surface acoustic wave (SAW) devices are used as resonators in electronic systems in a
wide range of applications: mobile communications [1,2], sensors [3,4] and actuators [5,6],
etc. Because of their excellent performance, including low insertion loss, high isolation, etc.,
filters and duplexers based on radio-frequency (RF) SAW resonators are mass-produced
and widely used in current mobile phones [7-10]. With the coming of the 5G era, more and
more stringent requirements are imposed on the performance of the SAW devices. This
promotes the emergence of a large number of new-type SAW devices, such as temperature-
compensated SAW (TC-SAW) devices [11-13], incredible high-performance SAW (I.H.P.
SAW) devices [14,15], and laterally-excited bulk-wave resonators (XBARs) [16,17]. Perfor-
mances of those RF SAW devices are dominantly limited by their resonators. In order to
meet the increasing demand for high-performance SAW devices, a new-type resonator
with a more complicated structure and multilayer piezoelectric substrate has been continu-
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ously emerged [18-20]. Thus, SAW engineers are always seeking solutions to obtain more
universal, fast and precise simulation tools used for characterizing the SAW resonator.

Currently, the detailed information of the resonator can be obtained by accurate calcu-
lation of finite-length resonator using finite element method /boundary element method
FEM/BEM [21-24] or FEM-based hierarchical cascading technique (HCT) [25-27]. How-
ever, there are too many instances where the behavior of the finite-length resonator cannot
be characterized rapidly and efficiently due to limitations in current computer memory
and speed, even if the latest GPU-assisted HCT is performed [28]. Although true SAW
resonators are configured with long arrays of inter-digital transducers (IDTs), substantial
analytical and design information on the frequency characteristics of the acoustic resonator
itself are essentially periodic. Thus, many researchers focus on the finite element anal-
ysis of periodic structures, which give rise to a significant reduction in the size of the
numerical model and yield useful information for the whole resonator [29-32]. Among
them, the periodic analysis based on FEM/BEM provided an effective way to accurately
simulate the useful information of a normal SAW resonator [33-35]. Nevertheless, this
method requires a long time to compute the Green function, especially for the multi-layered
and intricate structure of SAW resonator, the Green function calculation in BEM becomes
complex or even impractical. In contrast to FEM/BEM, pure FEM is generally effective
and quite flexible: it allows one to handle arbitrary materials cuts, electrode shapes and
multi-layered substrate, etc. [36,37]. Therefore, the pure FEM method is widely used to
study the behavior of resonators even with more complicated structures and multilayer
piezoelectric substrates. Yong et al. [30,38,39] proposed 2D-FEM and 3D-FEM models to
achieve the periodic analysis of SAW resonators using FEM programming. As for FEM
calculation, an adequate number of mesh grid (proportionate to degrees of freedom (DOFs))
is required to ensure the accuracy of SAW simulation. However, the more model’s DOFs
the more computing resources are required. Yong’s FEM-based periodic analysis only
performed DOFs eliminating located on sides of single-finger by using the anti-periodicity
boundary conditions, and hence, the remaining part DOFs required to be calculated are still
time-consuming. Due to the convenience and visualization of commercial FEM software
COMSOL, the built-in quasi-3D FEM model based on COMSOL has drawn great atten-
tion [24,40]. To simplify and ensure accuracy, a continuous boundary condition is applied
to the two interfaces of the 3D-block in the aperture direction to describe the infinite length
of the aperture. In our previous work [41], the authors also proposed a similar partial
differential equation (PDE)-based 2D-FEM model, which is theoretically equivalent to the
built-in quasi-3D FEM model reported previously. Since the computation domain of the
PDE-based 2D-FEM model is a 2D plane while that of the quasi-3D FEM model reported
previously is a 3D block, the proposed PDE-based 2D-FEM model radically reduces the
number of DOFs, and thus advantages in calculation speed.

In this work, the PDE-based 2D-FEM model is extended to the application for pe-
riodic analysis of SAW resonator. This paper presents model order reduction (MOR)
techniques [42] based on FEM and periodic boundary conditions to achieve a dimension-
ally reduced PDE model without decreasing the accuracy of computations. First, the
PDE-based 2D-FEM model for the half-period single-finger structure of the SAW resonator
is solved by a solver of the PDE module embedded in COMSOL software. Then the FEM
matrices containing all DOFs derived from COMSOL were transferred to MATLAB via
LiveLink of COMSOL with MATLAB for the following MOR calculation. We investigate
two significant contributions to achieving the dimensionally reduced model. On the one
hand, by the order reduction technique of FEM, the dimensionality of the derived system
equation can be largely reduced by eliminating the internal DOFs that are not of concern.
On the other hand, considering the antiperiodic boundary conditions imposed on the left-
and the right-hand edge of single-finger structure, the reduced system equation can be
dimensionally reduced again by eliminating the DOFs located on left edge or right edge.
Thus, the final system equation for characterizing the single-finger of resonator needs only
DOFs located on one of the two sides and the potential scalar located on the surface of
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the electrode. This means the DOFs for the same model are reduced by nearly a third,
and thus the calculation speed can be significantly accelerated under the condition of
ensuring accuracy.

The paper is organized as follows. Section 2 outlines the general procedure involved
in the whole computation process and elaborates modelling of the reduced PDE model
for periodic analysis. Section 3 demonstrates and validates the numerical simulation for
three different mainstream commercial SAW devices, including the regular SAW resonator,
IHP-SAW resonator and TC-SAW resonator, based on the proposed dimensionally reduced
PDE model. Finally, conclusions are discussed in detail in Section 4.

2. Methodology
2.1. COMSOL Multiphysics and Computation Procedure

The COMSOL multiphysics software is a finite element tool for multi-physical cou-
pling analysis in engineering applications and scientific research [43,44]. The built-in PDE
module of COMSOL Multiphysics software provides a general form PDE interface for solv-
ing PDEs of the 2D-FEM model for the SAW device. Its PDEs are related to the conservation
laws that govern many areas of physics, and the multiple dependent variables in PDEs
can be coupled. Considering its modifiability of PDEs itself, the proposed method can be
extended to the application for accurate analysis of SAW devices with more complicated
cases. Moreover, COMSOL software can transform the PDE-based FEM model to the
COMSOL code, which is flexible and feasible for users to modeling, mesh generation and
properties definition. In our previous work, recently presented in Micromachines [41], a
PDE-based 2D-FEM model is proposed and validated for SAW devices simulation. Consid-
ering its generality, this work extends the model to the periodic analysis of SAW resonator,
and we investigate two significant contributions to achieving the dimensionally reduced
PDE model with the help of COMSOL code. Additionally, the adaptive mesh refinement
algorithm embedded in COMSOL is powerful to refine the meshes around the surface of
the piezoelectric substrate, thus the solution of the SAW resonator is a fast convergence
solution. Therefore, the proposed FEM model for analysis SAW resonator with complex
structure can be completed effectively and efficiently.

The general procedure involved in the whole computation process mainly divides into
four steps. First, the PDEs-based of 2D-FEM model for the periodic structure of the SAW
resonator is derived by rigorous derivation. The second step is that the geometry and mesh
of the model are generated and PDEs of each region in the eigenvalue mode are written
by COMSOL code. The third step is that the PDEs are solved by the solver of the PDE
module embedded in COMSOL software, the derived FEM matrices from COMSOL were
transferred to MATLAB via LiveLink for the remaining calculation. The last step is that
MOR techniques based on FEM and periodic boundary conditions are employed to achieve
a dimensionally reduced PDE model without decreasing the accuracy of computations.
Based on COMSOL Multiphysics 5.5 and MATLAB 2020a, the calculation was implemented
on two high-performance platforms equipped with two CPUs (Intel Xeon Gold 6226R CPU
@ 2.90 GHz, 256 GB RAM) and two GPUs (NVIDIA Quadro GV100 GPUs, 32 GB HBM2
memory each, CUDA Compute Capability 10.0 and total of 5120 CUDA cores).

2.2. Reduced PDE Modelling for Periodic Analysis

A SAW resonator is an acoustic device with the frequency characteristic of standing
acoustic waves in the substrate and electrodes, and thus complete mathematical modelling
must consider all the practical factors occurring in the device substrate, such as the propa-
gation loss, dielectric loss, electrode resistance loss and electrode shape, which makes it
considering practical factors as much as possible. As mentioned above, the PDE model
based on COMSOL is proposed to realize a practical 2D-FEM analysis of the SAW resonator.
The use of COMSOL code performs to build modeling and solve equations numerically to
obtain system solutions. Combining the advantages of the two can achieve high versatility.
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2.2.1. PDE-Based 2D-FEM Model

In our previous work [41], the constitutive equations of the piezoelectric film are
derived detailly which can describe the behavior of SAW devices with arbitrary materials
and structure. For convenience, we only restate the main derivation of the PDE-based
model in piezoelectric devices [45].

Tij = cijki Sk — exijEx 1)

D; = ek S + €ixEx )

where T;; and Sy, are stress and strain tensors, respectively. cjjy, ey and e is stiffness
constant, piezoelectric stress constant and dielectric permittivity constant, respectively. D;
and E, are the electric displacement vector and electric field, respectively.

And the relation of strain and mechanical displacement in the piezoelectric substrate
can be written

S=Vu (3)
where 5 5 )
= 0 0 0 & 2

Vs = = 0 2 o0 % )
0 0 £ £ £ o0

According to electrostatics, the relation among the electric displacement D;, electric
field E, electric potential ¢y are expressed as

D =¢E (5)

E=-V¢ (6)
where the Nabla operator V = [ % % % }

According to Newton’s Law and Maxwell’s equations, if there is no external force
applied, the equilibrium equation for characterizing the full-scale SAW devices (seen in
Figure 1) can be described with tensor form as Equations (7) and (8).

VseViu+ V' Vo = pii )
— VeV +V-eViu=0 (8)

where p is density.

SAW IDT Rgﬂector

5

8 A /n"ff/////////f'ff/
X2 | = :
~ Piezoelectric substrate
X1

Figure 1. The schematic of a three-dimensional geometrical structure for a typical one-port surface
acoustic wave (SAW) resonator (not to scale).

The equilibrium Equations (7) and (8) are the three-dimensional (3D) differential
equations for describing the full-scale SAW devices. For characterizing the SAW resonator
as shown in Figure 1, the length of the aperture along x, direction is normally hundreds
of times the IDT period. In this work, we start from the perspective of solving PDE
Equations (7) and (8), the length of the aperture along x, direction is also assumed to be
infinite (9/dx, = 0). Thus the operator Vs and Nabla operator V can be expressed as



Micromachines 2021, 12, 141 50f 14

following Equations (9) and (10), only the x; and x3 coordinate axes are contained in the
operator Vs and Laplace operator V.

d d
= 0 0 0 2 0
Vs=| 0 0 0 2 0 )
9 d
0 0 2 0 2 0
V=| 2 0 & (10)

In this sense, the computation domain of the PDE-based 2D-FEM model is a 2D plane,
as shown in Figure 2a. Therefore, all of the four solutions 11, 13, #3 and ¢ of the equilibrium
equation Equations (7) and (8) can be obtained by solving the following Equation (13)
based on the 2D-FEM model. In addition, the trapezoid electrode was considered in the
2D-FEM model according to the actual process level, seen in Figure 2b.
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Figure 2. The single-finger SAW devices structure with trapezoid shape electrode, (a) 2D-FEM model,
(b) cross-sectional scanning electron microscopy image of the actual device.

Due to FEM software, COMSOL Multiphysics provides a mathematics module includ-
ing different PDE module for equation-based modelling. A general form PDE interface is
applied to solve Equations (7) and (8). In the case of four dependent variables uy, u>, us, ¢,
a general form system of the equation takes the following form (11) [46].

2
19" U

e —V-*Vu = £, (inQ) (11)

where the equation index [ and k ranges from 1 to 4, e’ is the mass coefficients, c¥ is
the diffusion coefficients, f; is the source term, () is the meshed domain used for FEM
computational as shown in Figure 2a. Note that ¢/ and ¢/ are 4-by-4 matrices, f; are
4-by-1 matrices.

According to Equation (11), the equilibrium Equations (7) and (8) are converted to
the COMSOL'’s coefficient form. For simplicity, the long and tedious deduction of the
COMSOL’s coefficient for PDE in this section is abridged. Instead, the results of these
manipulations are presented, as follows
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where w is angular frequency.

2.2.2. MOR Based on FEM

As mentioned above, the operator V and Nabla operator V only include the x; and
x3 coordinate axes, and the derived PDE-based 2D-FEM model is theoretically equivalent to
the pure quasi-3D FEM model previously reported [14,20,36,47]. The computation domain
of the PDE-based 2D-FEM model is a 2D plane while that of the quasi-3D FEM model is
a 3D block. This means the proposed PDE-based 2D-FEM model radically reduces the
number of DOFs, and thus advantages in calculation speed.

Equation (12) is solved by the solver of the PDE module embedded in COMSOL
Multiphysics, the FEM discretization results in the following matrix equation

K, K Kig Ky Xr My, My Mg My Xt Ra
Ky Kp Kgr Ky Xp | _ 2| Moe My Mg My Xr | _ | Ri (13)
Krr Krr Krr Kgy XR Mgy Mgy Mgr Mgy XR Rp
Kyr, Kyr Kyg Kyy v My, My Myr Myy v —q

where K is stiffness matrix and M is mass matrix, R and g represent the force and
the net surface charge, respectively. X is particle displacement, the scalar v is the electric
potential, the subscript L, I, R and V represent the position of freedom at the grid node.

If there is no external force, the quantities of Fy, Fj, Fg, imposing on the right, middle
and left of grid node, respectively, are equal to zero, and the linear system equation can
be expressed

SYSit SYSy; SYSrr SYSry XL 0
SYSr SYSir SYSir SYSrv X1 _ 0 (14)
SYSrL SYSg1 SYSgrr SYSgry XRr 0
SYSVL SYSV] SYSVR SYSVV 0 —q

On basis of this, we introduce MOR techniques based on FEM to further enhance its
computation efficiency. MOR is not widely familiar to members of the SAW industry, which
can deal efficiently with the large calculation under the condition of ensuring accuracy.
The detailed scheme of the MOR technique is presented below: the internal DOFs X is
eliminated from the system Equation (14) by MOR technique, the system matrices SYS can
be greatly reduced in dimensionality, and thus the Equation (15) only includes X;, Xg and
the scalar v. In this case, SYS-matrices are transferred from RAM to the GPU to achieve
acceleration due to GPUs have faster data processing capabilities than CPUs.

SYS'y; SYS';, SYS'ts Xy 0
SYS'y1 SYS'pn SYS'p3 Xr | = 0 (15)
SYS/31 SYS/32 SYS/33 0 —q

It is noted that the reduced matrix Equation (15) is equivalent to the linear system
Equation (14).



Micromachines 2021, 12, 141

7 of 14

2.2.3. MOR Based on Anti-Periodic Boundary Condition

Furthermore, considering the periodicity of the single-finger structure for the SAW
resonator, we also further employing MOR based on the antiperiodic boundary conditions.
The detailed process is presented that the antiperiodic boundary conditions (X; = —Xg) is
imposed on the left- and the right-hand edge of the block (shown in Figure 2a) for describing
the repeating structure. Therefore, Equation (15) with reduction of the dimensionality can
be reduced the dimensionality again by eliminating the DOFs Xg. Therefore, the linear
system equations for the periodic structure only include the X} and v, as follows

SYS"11 SYS"1p X, _ 0 (16)
SYS"51 SYS"5 v —q

where
SYS"11 = SYS'11 +SYS'5 —SYS'1, — SYS 5
SYS"15 = SYS'13 +SYS 3
SYS"91 = SYS/31 — SYS'3
SYS"9 = SYS'33

And finally, the expression of the currents flowing into the electrodes can be written as
I = —iw[SYS" n XL + SYS" 20] (17)

3. Numerical and Experimental Results

Currently, mainstream commercial SAW devices use Lithium Tantalate (LT) and
lithium niobte (LN) as piezoelectric materials. A series of SAW resonators fabricated
on LT and LN based piezoelectric substrates, including IDT (Al)/42° YX LT structure,
IDT (Cu)/42° YX LT/SiO,/Si and SiO, /IDT (Cu)/5° YX LN, are taken as examples for
validating the accuracy and availability of the presented methodology. The fundamental
material constants of the LT and LNsubstrate used for calculation are taken from the
literature [48].

Figure 3 shows the optical and scanning electron microscopy (SEM) images of the fab-
ricated one-port SAW resonator. As shown in Figure 3b, the fabricated IDT pattern is well.
All the fabricated resonators configured with IDTs consisting of 100 pairs of fingers and
40 grating reflectors placed on both sides of the IDTs, and aperture length of 40 IDT period
p (p = A, where A is the SAW wavelength). The measured Y11 of SAW resonators is charac-
terized by an Aglient E5071C vector network analyzer (Keysight Technologies, Roseville,
CA, USA) with a vector network analyzer and ground-signal-ground (GSG) probes.

(a) (b)

' Reflector

IDT

Figure 3. (a) Optical image and (b) SEM image for the fabricated one-port resonator.

3.1. LT-Based SAW Resonator

Figure 4a shows the single-finger 2D-FEM model of regular SAW resonator on Al/42°
YX cut LT structure. In this case, the IDT period p = 3.5 um, the thickness of Al electrode
h = 300 nm, and the thickness of LN is 3p. In the following calculation, the thickness of
the bottom substrates is always set as 3p, and the thickness of the PML is set as 2p. The
input admittance Yq; curves of SAW resonators are presented for comparison in Figure 4b.
As can be seen clearly, the simulated result based on the PDE-based 2D-FEM model using
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COMSOL code fits better with the experiment than that of pure quasi-3D FEM. This is
mainly because the propagation loss, dielectric loss, electrode resistance loss and electrode
shape are fully considered into the proposed model in our work by modifying PDEs
themselves. As can be seen, the measured curve exists the bulk wave at ~1.2 GHz due to
the wave reflection among the finger of practical SAW resonator with finite-length, which
does not affect the coupling coefficient and quality factor Q of the main SAW mode we
were concerned with. In addition, the simulation speed of the PDE-based 2D-FEM method
is about 0.01 s for each frequency point and its total time cost is 3.5 s in the frequency
range from 950 MHz to 1300 MHz, while the pure quasi-3D FEM model requires about
0.59 s for each frequency point and its total time cost is 207 s due to the amounts of DOFs.
It is noted that the above calculations are under the same frequency interval of 1 MHz.
Thus, the periodic analysis is still a powerful simulation tool for researchers to analyze the
performance of the SAW mode we were concerned with, and important SAW properties
including the phase velocity, coupling coefficient, and relative bandwidth, etc., can be
obtainable from the calculated Y11.

() 0 (b) PDE-based 2D FEM
— r i-3D FEM
— Quasi
210
I SH-leaky wave Measurement
LT =20
m 30
) L Bulk wave
>T -40
[ _50 PDE-based 2D—FEM model
- | Number of DOFs: 3940 Regular SAW:
I Total time—consuming: 3.5 s o ’
. 60 |- 42°YX LT
- PML [ Pure quasi—-3D FEM ;111)3:;).5
I -70 - Number of DOFs: 19359 2.0 um
h_Al=300
= I Total time—consuming: 207 s AU Im
-80 . 1 . 1 . 1 . 1 . 1 . 1 .
950 1000 1050 1100 1150 1200 1250 1300
10) xl Frequency (MHz)
2
MAX of (d)
(c) -
2
4
~ 3 u
2
E 6|
E— 3 B U.3
= 8r
*E. L
-] D -10 -
(=} I
| -12
14
.16
18
. 1 . 1 . 1 . 1 . 1 .
-0.2 0.0 0.2 0.4 0.6 0.8 1.0

Normalized displacement
MIN
Figure 4. Regular SAW resonator on Al/42° YX LT structure, (a) partial differential equations (PDE)-
based 2D-FEM model, (b) Y11 curves for simulation and experiment, (c) the mode shape at the
resonant frequency, (d) displacement field distribution versus normalized depth for the SH-leaky
SAW at the resonant frequency.
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Figure 4c,d show the calculated mode shape and the displacement field distributions
entirely composed of three partial components at the resonance frequency, respectively. It is
quite clear that the acoustic energy is concentrated near the surface, and the displacements
along x direction (u1) are close to zero while the horizontal (1;) and vertical shear com-
ponents (u3) are dominant, and the horizontal shear (SH) components (1) is significantly
larger than vertical shear components (u3). This means the main mode is SH-leaky SAW,
namely, acoustic waves are mainly horizontally polarized and radiate into the body at
an angle.

Furthermore, the SAW resonator fabricated on IHP-type hetero layered structure
Cu/42° YXLT/SiO,/Siis also calculated. Figure 4a shows the single-finger 2D-FEM model
of the IHP-type SAW resonator used for simulation. In this case, the IDT period p = 1.8 pm
(A =2 x p), and the thickness of Cu electrode /1 = 160 nm. The thickness of LT and SiO; are
600 nm and 500 nm, respectively. Figure 4b shows the input admittance Y77 curve of SAW
devices for measurement and calculation by PDE-based 2D-FEM model and pure quasi-3D
FEM, respectively. As shown, the results are similar to that of the normal SAW on Al/42°
YX LT case. The simulated results are in fairly well agreement with that of the experiment
for the main wave mode we were concerned with, while the bulk spurious mode is missed.
The simulation speed of the PDE-based 2D-FEM method is about 0.012 s for each frequency
point and its total time cost is 9.6 s in the frequency range from 1550 MHz to 2350 MHz,
but the pure quasi-3D FEM model requires about 0.51 s for each frequency point and its
total time cost is 410 s.

Figure 5¢,d show the calculated mode shape and the displacement field distributions
entirely composed of three partial components at the resonance frequency in IHP-type SAW
resonator, respectively. The displacements along x direction (u1) are close to zero while the
horizontal (1) and vertical shear components (u3) are dominant, and the horizontal shear
components (uy) are significantly larger than vertical shear components (u3). Compared to
normal SAW resonators on LT, it is quite clear that more acoustic energy is concentrated
near the surface and thus offers enhanced performance.

0

b
(@) (b) e PDE-based 2D FE
LT 101 SH-leaky wave Quasi-3D FEM
i —— Measurement
S|02 20k
-30
o Bulk wave
Si S 4
=
= 50
PDE-based 2D-FEM mode IHP-SAW:
-60 | Number of DOFs: 4901 42°YX LT
Total time—consuming: 9.6 s a/p=0.3
X3 A=3.5um
PML -70 I Quasi~3D FEM in COMSOL h_Cu=160 nm
Number of DOFs: 22303 h_L_T=600 nm
-80 [ Total time—consuming: 410 s h_Si0,=500 nm
1 1 1 1 1 1 1
1 1550 1650 1750 1850 1950 2050 2150 2250 2350
X

Frequency (MHz)

Figure 5. Cont.
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Normalized displacement

Detph (um)

Figure 5. IHPSAW resonator on Cu/ 42° YX LT/SiO,/Si structure, (a) PDE-based 2D-FEM model,
(b) Y11 curves for simulation and experiment, (c) the mode shape at the resonant frequency, (d) displace-
ment field distribution versus normalized depth for the SH-leaky SAW at the resonant frequency.

3.2. LN-Based SAW Resonator

Temperature-compensated (TC) SAW resonators are more preferable for practical
application because of their good temperature stability. In this case, the typical TC-SAW
resonator fabricated on SiO, /IDT/5° YX-LN structure is investigated. Figure 6a shows the
single-finger 2D-FEM model of TC-SAW resonator used for simulation. The IDT period
p =4 um, the thickness of Al electrode & = 380 nm, and the thickness SiO; is 600 nm.
Figure 6b shows the simulated and measured Y11 of the TC-SAW resonator for comparison.
One can clearly see that the simulated result agrees well with measurement based on the
PDE-based 2D-FEM model using COMSOL code. It is noted that the spurious wave of
Rayleigh wave at ~1100 MHz is also characterized. Compared to pure quasi-3D FEM, the
characteristics of the spurious wave are more accurate due to more practical factors taken
into account. In addition, the total time cost of the proposed method is 14 s in the frequency
range from 750 MHz to 1450 MHz, but the pure quasi-3D FEM model requires a total time
cost of 528 s due to the amounts of DOFs.

(a) (b) ol SH-leaky waves PDE-based 2D FEM

- SiO2 Quasi—3D FEM
—— Measurement

Rayleigh wave

-20

LN

Y] (dB)

40 PDE-based 2D-FEM model
X3 Number of DOFs: 8388

TC-SAW:

Total time—consuming: 14 s 5YXLN
a/p=0.3
P M L .60 | . . A=3.2um
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Quasi—3 in COMSO h_Cu=300 nm

Number of DOFs: 31716
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Figure 6. Cont.
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Figure 6. Temperature-compensated SAW (TC-SAW) resonator on SiO, /IDT/5° YX-LN structure, (a)
PDE-based 2D-FEM model, (b) Y1; curves for simulation and experiment, (c) the mode shape at the
resonant frequency, (d) displacement field distribution versus normalized depth for the SH-leaky
SAW at the resonant frequency.

Figure 6¢,d show the calculated mode shape and the displacement field distributions
entirely composed of three partial components at the resonance frequency in the TC-SAW
resonator, respectively. The displacements along x direction (u1) are close to zero while
the horizontal (17) and vertical shear components (13) are dominant. It is interesting that
the horizontal shear components (u;) and vertical shear components (u3) are relatively
large. The reason is mainly that the structure of the TC-SAW device is configured with an
embedded electrode, the displacement and stress boundary conditions on piezoelectric
interface change with not only electrode but also SiO,, which results in more intense
coupling of the partial acoustic surface waves (u1, up, u3). In addition, although most
acoustic energy is concentrated near the surface, some still partly radiates into the substrate.
Therefore, for the TC-SAW resonator, a very important question is how to eliminate
spurious waves.

3.3. Results Comparison and Discussions

For quantitative analysis, the key performance parameters of those SAW resonators
including electromechanical coupling coefficient (K?) and quality factor (Q) are evaluated
based on the calculated frequency behavior. Its detailed formula is reported in our previous
work [49]. Table 1 presents the key performance parameters of those SAW resonators. As
shown, the results of the periodic analysis compared fairly well with the experimental
results of the actual SAW devices including the regular SAW resonator, IHP-SAW resonator
and TC-SAW resonator. The relative errors for K2 and Q are less than 4% and 3%, respec-
tively. As the proposed PDE-based FEM model fully takes account of the propagation
loss, dielectric loss, electrode resistance loss and electrode shape, the differences between
the simulated and measured results are mainly due to practical fabrication error and the
ignored self-inductance and mutual inductance of the busbars and electrodes. Table 2
shows the comparison in calculation speeds between the proposed PDE-based 2D-FEM
model and the previously reported quasi-3D FEM model. It is seen that the proposed
model gives rise to largely reduced DOFs, thus achieving 38-60 times speedup compared
to the quasi-3D model for the same frequency interval and configuration.

The above quantitative comparative results demonstrate the effectiveness and accuracy
of the proposed model. This means the periodic analysis is still a relatively powerful
simulation tool for researchers to analyze the performance of the SAW mode we were
concerned with, and important SAW properties including Q and K? as well as phase
velocity and relative bandwidth, etc., can be estimated.
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Table 1. The compared key performance parameters of SAW resonator for simulation and experiment, S donates the

simulation results calculated by the proposed PDE-based 2D FEM model, M donates the measurement experimental results.

Normal SAW IHP SAW TC SAW
Parameters
S M Error S M Error S M Error
K2 9.64% 9.31% 3.42% 10.53% 10.28% 2.37% 18.82% 18.51% 1.65%
Q 549.18 551 0.33% 1011 986.8 2.39% 976.1 947.96 2.88%

Table 2. Comparison of different methods for SAW devices simulation, T1 donates calculation speed per frequency point,

T2 donates total calculation time in the frequency range, and the frequency interval remains as 1 MHz.

Normal SAW IHP SAW TC SAW
FEM
Model T2(s) T2(s) T2 (s)
DOFs T1(s) (950-1300 MHz) DOFs T 45502350 MHZz) ~ POFS TLE)  (750-1450 MH2)
PDE 3940 0.01 35 4901 0.012 9.6 8388 0.02 14
Quasi-3D 19359 0.59 207 22303 051 410 31716 0.75 528

4. Conclusions

This paper presents a reduced PDE-based 2D-FEM model using COMSOL code for
the periodic analysis of the SAW resonator. By performing MOR techniques based on
FEM and periodic boundary conditions, the dimensionality of the final system equation
for characterizing the SAW resonator can be reduced largely, therefore, a dimensionally
reduced PDE model without decreasing the accuracy of computations can be achieved.
Furthermore, the proposed PDE-based 2D-FEM model is performed on examples of three
different mainstream commercial SAW devices, including the regular SAW, IHP-SAW and
TC-SAW resonators. For validity, the results of the periodic analysis are compared with
the experimental results of the actual resonators. The calculated input admittance Y1,
curves of the SAW resonators agree fairly well with that of the experimental results, which
demonstrates the properties of the proposed methodology and prove its effectiveness
and accuracy.

There are advantages and disadvantages to using a periodic structure analysis. Al-
though the behavior of the periodic structure may not resemble that of the whole resonator,
for example, bulk spurious modes may be missed, it can offer useful and enough informa-
tion of the concerned main SAW mode. Moreover, the proposed dimensionally-reduced
PDE model using COMSOL code is still an efficient and general simulation tool for diverse
SAW resonator analysis and design, especially for the development of new-type SAW
devices configured with complex structures.

Author Contributions: Q.Z. wrote the manuscript and participated in design and calculation; Z.C.
and X.Z. review of the manuscript and helped develop and refine the FEM model; S.F. contributed to
fabrication and experiment work; Y.C., ].D. and P.T. contributed to the analysis and the interpretation
of the experimental results; HW. and ].M. proposed the concept of the PDE-based 2D-FEM model
and COMSOL code. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Youth Foundation of China
(Grant No. 11904233), National Key Research and Development Program of China (Grant No.
2020YFA0709800, Grant No. 2016YFC0104802) and Beijing Science and Technology Project (Grant No.
D171100004617001). We are very grateful to the authors, Kovacs et al. [48], the material parameters of
LiTaO3 and LiNbOj3 resonator is from their publications.

Conflicts of Interest: The author declares no conflict of interest.



Micromachines 2021, 12, 141 13 of 14

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Balysheva, O.L. SAW Filters for Mobile Communications: Achievements and Prospects. In Proceedings of the 2019 Wave
Electronics and its Application in Information and Telecommunication Systems, Saint-Petersburg, Russia, 3-7 June 2019; pp. 1-4.
Cai, T.; Chen, C,; Lin, F. A Hybrid Microstrip/SAW-Resonator Wideband Bandpass Filter. In Proceedings of the 2nd IEEE
International Conference on Integrated Circuits, Technologies and Applications, Chengdu, China, 13-15 November 2019;
pp. 127-128.

Smirnov, D.; Plessky, V.; Miskinis, R.; Urba, E.; Yandrapalli, S. Network of SAW sensors with hyperbolically frequency-modulated
reflecting gratings. In Proceedings of the IEEE International Ultrasonics Symposium (IUS), Las Vegas, NV, USA, 7-11 September
2020. [CrossRef]

Chen, Z.; Zhang, Q.; Li, C,; Fu, S.; Qiu, X.; Wang, X.; Wu, H. Geometric nonlinear model for prediction of frequency temperature
behavior of saw devices for nanosensor applications. Sensors 2020, 20, 4237. [CrossRef] [PubMed]

Kajii, S.; Kong, D.; Nishio, K.; Kurosawa, M.K. Propulsion measurement of high frequency underwater SAW actuators. In
Proceedings of the IEEE International Ultrasonics Symposium (IUS), Las Vegas, NV, USA, 7-11 September 2020. [CrossRef]

Li, G.-Z,; Yu, J.-Y,; Liu, H.-P; Chen, F; Li, L.-X. Numerical simulation of effects of saw tooth plasma actuator on film cooling
efficiency. J. Propuls. Technol. (Tuijin Jishu) 2017, 38, 2548-2554.

Naumenko, N.F. Optimization of LiNbO3 /Quartz substrate for high-frequency wideband SAW devices using longitudinal leaky
waves. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2020, 67, 1485-1491. [CrossRef] [PubMed]

Matsuoka, N.; Omori, T.; Hashimoto, K.-Y. Suppression of lowest-order plate mode in wafer-bonded saw devices using LiTaO3 thin
plate. In Proceedings of the IEEE International Ultrasonics Symposium (IUS), Glasgow, UK, 7-11 September 2019; pp. 1231-1234.
Pang, X.; Yong, Y.-K. Characteristics of BAW modes harmonically generated (f-2f-3f) in LINO3 SAW devices. In Proceedings
of the Joint Conference of the IEEE International Frequency Control Symposium and European Frequency and Time Forum,
Orlando, FL, USA, 14-18 April 2019. [CrossRef]

Hashimoto, K ; Sato, S.; Teshigahara, A.; Nakamura, T.; Kano, K. High-performance surface acoustic wave resonators in the 1
to 3 GHz range using a ScAIN/6H-SiC structure. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2013, 60, 637-642. [CrossRef]
[PubMed]

Tang, G.; Goto, R.; Nakamura, H. Modeling and suppression method for guided mode in TC-SAW devices. In Proceedings of the
IEEE International Ultrasonics Symposium (IUS), Glasgow, UK, 6-9 October 2019; pp. 2087-2090.

Abbott, B.; Kokkonen, K. Calculating transverse mode profiles of TCSAW piston mode resonators. In Proceedings of the IEEE
International Ultrasonics Symposium (IUS), Tours, France, 18-21 September 2016; pp. 1-4.

Mayer, M.; Ammann, S.; Pernpeintner, M.; Johnson, J.; Ebner, T.; Wagner, K. Multi-mode P-matrix models for the description of
interacting modes in TCSAW and LSAW devices. In Proceedings of the IEEE International Ultrasonics Symposium (IUS), Kobe,
Japan, 22-25 October 2018; pp. 1-+4.

Fu, S.; Wang, W.; Li, Q.; Lu, Z.; Chen, Z.; Luo, |.; Shen, ].; Wang, R.; Song, C.; Zeng, F. High-frequency V-doped ZnO/SiC surface
acoustic wave devices with enhanced electromechanical coupling coefficient. Appl. Phys. Lett. 2019, 114, 113504.1-113504.5. [CrossRef]
Takai, T.; Iwamoto, H.; Takamine, Y.; Fuyutsume, T.; Nakao, T.; Hiramoto, M.; Toi, T.; Koshino, M.I.LH.P. SAW technology and
its application to microacoustic components (Invited). In Proceedings of the IEEE International Ultrasonics Symposium (IUS),
Washington, DC, USA, 6-9 September 2017; pp. 1-8.

Plessky, V.; Yandrapalli, S.; Turner, PJ.; Villanueva, L.G.; Koskela, J.; Hammond, R.B. 5 GHz laterally-excited bulk-wave resonators
(XBARs) based on thin platelets of lithium niobate. Electron. Lett. 2019, 55, 98-100. [CrossRef]

Plessky, V.; Yandrapalli, S.; Turner, PJ.; Villanueva, L.G.; Koskela, J.; Faizan, M.; De Pastina, A.; Garcia, B.; Costa, ].; Hammond,
R.B. Laterally excited bulk wave resonators (XBARs) based on thin Lithium Niobate platelet for 5GHz and 13 GHZz filters. In
Proceedings of the IEEE International Ultrasonics Symposium (IMS), Boston, MA, USA, 2-7 June; pp. 512-515.

Takai, T.; Iwamoto, H.; Takamine, Y.; Yamazaki, H.; Fuyutsume, T.; Kyoya, H.; Nakao, T.; Kando, H.; Hiramoto, M.; Toi, T, et al.
Incredible high performance SAW resonator on novel multi-layerd substrate. In Proceedings of the IEEE International Ultrasonics
Symposium (IUS), Tours, France, 18-21 September 2016; pp. 102-103.

Glushkov, E.V,; Glushkova, N.V.; Evdokimov, A.A.; Zhang, C. Guided wave Generation in Elastic Layered Substrates with
Piezoelectric Coatings and Patches. Phys. Procedia 2015, 70, 945-948. [CrossRef]

Su, R.; Fu, S.; Shen, J.; Chen, Z.; Lu, Z.; Yang, M.; Wang, R.; Zeng, F; Wang, W.; Song, C.; et al. Enhanced performance of
ZnO/Si0, / Al,O3 surface acoustic wave devices with embedded electrodes. ACS Appl. Mater. Interfaces 2020, 12, 42378-42385.
[CrossRef] [PubMed]

Perois, X.; Pastureaud, T.; Girard, P.A.; Lardat, R. Analysis of SAW devices using FEM/BEM method and parallel computing. In
Proceedings of the IEEE International Ultrasonics Symposium, Rotterdam, The Netherlands, 18-21 September 2005; pp. 1564-1567.
Ke, Y.; Li, H.; He, S. Fast FEM/BEM Simulation of non-periodic SAW structures. In Proceedings of the IEEE International
Ultrasonics Symposium (IUS), Dresden, Germany, 7-10 October 2012; pp. 815-818.

Li, H.; Lu, Z,; Ke, Y,; Tian, Y.; Luo, W. A fast optimization algorithm of FEM/BEM simulation for periodic surface acoustic wave
structures. Information 2019, 10, 90. [CrossRef]

Solal, M.; Chen, L.; Gratier, J. Measurement and FEM/BEM simulation of transverse effects in SAW resonators on lithium
tantalate. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2013, 60, 2404-2413. [CrossRef] [PubMed]


http://doi.org/10.1109/IUS46767.2020.9251703
http://doi.org/10.3390/s20154237
http://www.ncbi.nlm.nih.gov/pubmed/32751406
http://doi.org/10.1109/IUS46767.2020.9251479
http://doi.org/10.1109/TUFFC.2020.2969298
http://www.ncbi.nlm.nih.gov/pubmed/31995482
http://doi.org/10.1109/FCS.2019.8855990
http://doi.org/10.1109/TUFFC.2013.2606
http://www.ncbi.nlm.nih.gov/pubmed/23475930
http://doi.org/10.1063/1.5086445
http://doi.org/10.1049/el.2018.7297
http://doi.org/10.1016/j.phpro.2015.08.196
http://doi.org/10.1021/acsami.0c12055
http://www.ncbi.nlm.nih.gov/pubmed/32830495
http://doi.org/10.3390/info10030090
http://doi.org/10.1109/TUFFC.2013.6644743
http://www.ncbi.nlm.nih.gov/pubmed/24158295

Micromachines 2021, 12, 141 14 of 14

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Shimko, A.; Plessky, V. Fast SAW Device Simulation in COMSOL Using the Hierarchical Cascading Method. In Proceedings of
the IEEE International Ultrasonics Symposium (IUS), Glasgow, UK, 6-9 October 2019. [CrossRef]

Solal, M.; Gallagher, M.; Tajic, A. Full 3D simulation of SAW resonators using hierarchical cascading FEM. In Proceedings of the
2017 IEEE International Ultrasonics Symposium (IUS), Washington, DC, USA, 6-9 September 2017; pp. 1-5.

Koskela, J.; Plessky, V.; Willemsen, B.; Turner, P.; Hammond, B.; Fenzi, N. Hierarchical cascading algorithm for 2D FEM simulation
of finite SAW devices. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2018, 65, 1933-1942. [CrossRef] [PubMed]

Koskela, J.; Plessky, V.P.; Willemsen, B.A.; Turner, PJ.; Garcia, B.; Hammond, R.B.; Fenzi, N.O. Fast GPU-Assisted FEM Simulations
of 3D Periodic TCSAW, THP, and XBAR Devices. In Proceedings of the IEEE International Ultrasonics Symposium (IUS), Glasgow,
UK, 6-9 October 2019; pp. 181-184.

Wang, W.B.; Tang, K.J.; Wu, H.D. Analysis of frequency-temperature behavior of surface acoustic wave (SAW) under periodic IDT.
In Proceedings of the Symposium on Piezoelectricity, Acoustic Waves and Device Applications, Xiamen, China, 10-13 December
2010; pp. 460-464.

Yong, Y.-K. Analysis of periodic structures for BAW and SAW resonators. In Proceedings of the IEEE International Ultrasonics
Symposium (IUS), Atlanta, GA, USA, 6-10 October 2001; pp. 781-790.

Pastureaud, T.; Lardat, R.; Steichen, W.; Ventura, P. Analysis of SAW propagation under a periodic multi-electrode-type grating.
In Proceedings of the IEEE International Ultrasonics Symposium (IUS), Rotterdam, The Netherlands, 18-21 September 2005;
pp. 683-686.

Huang, Y.; Bao, J.; Li, X.; Zhang, B.; Qiu, L.; Omori, T.; Hashimoto, K.-Y. Analysis of SAW scattering at discontinuity between
periodic gratings using travelling wave excitation and hierarchical cascading technique. In Proceedings of the IEEE International
Ultrasonics Symposium (IUS), Kobe, Japan, 22-25 October 2018; pp. 1-9.

Pastureaud, T. Evaluation of the P-matrix parameters frequency variation using periodic FEM/BEM analysis. In Proceedings of
the IEEE International Ultrasonics Symposium, Montreal, QC, Canada, 23-27 August 2004; pp. 645-649.

Ventura, P.; Hecht, F,; Dufilie, P. Single electrode periodic buried IDT analysis using an original FEM/BEM numerical model. In
Proceedings of the IEEE International Ultrasonics Symposium (IUS), San Diego, CA, USA, 11-14 October 2010; pp. 645-649.
Fukuura, A.; Kawaguchi, M. A technique for P-matrix computation by periodic FEM/BEM analysis. In Proceedings of the IEEE
International Ultrasonics Symposium (IUS), New York, NY, USA, 28-31 October 2007; pp. 694—-697.

Yantchev, V.; Turner, P,; Plessky, V. COMSOL modeling of SAW resonators. In Proceedings of the IEEE International Ultrasoics
Symposium, Tours, France, 18-21 September 2016; pp. 1-4.

Ten, S.T.; Hashim, U.; Liu, W.W.; Foo, K.L.; Voon, C.H.; Hisham, H.; Nazwa, T.; Ten, S.T.; Sudin, A.; Humaira, M.S.N. Shear
Horizontal Surface Acoustic Wave COMSOL Modeling on Lithium Niobate Piezoelectric Substrate. In Proceedings of the IEEE
International Conference on Semiconductor Electronics (ICSE), Kuala Lumpur, Malaysia, 27-29 August 2014; pp. 104-107.
Yong, YK,; Kanna, S. IDT geometry and crystal cut effects on the frequency-temperature curves of a SAW periodic structure of
quartz. Ultrason 1998, 1, 223-228.

Yong, Y.K. Three-Dimensional Finite-Element Solution of the Lagrangean Equations for the Frequency-Temperature Behavior of
Y-Cut and NT-Cut Bars. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 1987, 34, 491-499. [CrossRef] [PubMed]

Zhang, Q.; Han, T,; Tang, G.; Chen, J.; Hashimoto, K. SAW Characteristics of AIN/Si02/3C-SiC Layered Structure With Embedded
Electrodes. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2016, 63, 1608-1612. [CrossRef] [PubMed]

Chen, Z.; Zhang, Q.; Fu, S.; Wang, X.; Qiu, X.; Wu, H. Hybrid full-wave analysis of surface acoustic wave devices for accuracy
and fast performance prediction. Micromachines 2021, 12, 5. [CrossRef] [PubMed]

Fotyga, G.; Nyka, K.; Kulas, L. Macro-elements and model order reduction for efficient three-dimensional FEM analysis. In
Proceedings of the 2012 19th International Conference on Microwaves, Radar and Wireless Communications, Warsaw, Poland,
21-23 May 2012; pp. 137-140.

Xoubi, N.; Soliman, A.Y. Neutronic modeling and calculations of the ETRR-2 MTR reactor using COMSOL multiphysics code.
Ann. Nucl. Energy 2017, 109, 667-674. [CrossRef]

Sahu, S.; Bhattacharyay, R. Validation of COMSOL code for analyzing liquid metal magnetohydrodynamic flow. Fusion Eng. Des.
2018, 127, 151-159. [CrossRef]

Qiao, D.; Liu, W.; Smith, PM. General Green'’s functions for SAW device analysis. IEEE Trans. Ultrason. Ferroelectr. Freq. Control
1999, 46, 1242-1253. [CrossRef] [PubMed]

COMSOL Multiphysics LiveLink for MATLAB User’s Guides. Available online: https://cn.comsol.com/documentation (accessed
on 7 January 2019).

Zou, J.; Yantchev, V.; Iliev, E; Plessky, V.; Samadian, S.; Hammond, R.B.; Turner, PJ. Ultra-Large-Coupling and Spurious-Free
SHO Plate Acoustic Wave Resonators Based on Thin LiNbOs. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2020, 67, 374-386.
[CrossRef] [PubMed]

Kovacs, G.; Anhorn, M.; Engan, H.E.; Visintini, G.; Ruppel, C.C.W. Improved material constants for LINbO3 and LiTaOs. In
Proceedings of the IEEE International Ultrasonics Symposium, Honolulu, HI, USA, 4-7 December 1990; pp. 435-438.

Fu, S.; Wang, W.; Qian, L.; Li, Q.; Lu, Z.; Shen, J.; Song, C.; Zeng, F,; Pan, E; Parker, R.; et al. High-Frequency Surface Acoustic
Wave Devices Based on ZnO/SiC Layered Structure. IEEE Electron Device Lett. 2019, 40, 103-106. [CrossRef]


http://doi.org/10.1109/ULTSYM.2018.8579814
http://doi.org/10.1109/TUFFC.2018.2852603
http://www.ncbi.nlm.nih.gov/pubmed/29994395
http://doi.org/10.1109/T-UFFC.1987.26974
http://www.ncbi.nlm.nih.gov/pubmed/18291875
http://doi.org/10.1109/TUFFC.2016.2574801
http://www.ncbi.nlm.nih.gov/pubmed/27254863
http://doi.org/10.3390/mi12010005
http://www.ncbi.nlm.nih.gov/pubmed/33375079
http://doi.org/10.1016/j.anucene.2017.06.007
http://doi.org/10.1016/j.fusengdes.2018.01.009
http://doi.org/10.1109/58.796129
http://www.ncbi.nlm.nih.gov/pubmed/18244317
https://cn.comsol.com/documentation
http://doi.org/10.1109/TUFFC.2019.2944302
http://www.ncbi.nlm.nih.gov/pubmed/31567078
http://doi.org/10.1109/LED.2018.2881467

	Introduction 
	Methodology 
	COMSOL Multiphysics and Computation Procedure 
	Reduced PDE Modelling for Periodic Analysis 
	PDE-Based 2D-FEM Model 
	MOR Based on FEM 
	MOR Based on Anti-Periodic Boundary Condition 


	Numerical and Experimental Results 
	LT-Based SAW Resonator 
	LN-Based SAW Resonator 
	Results Comparison and Discussions 

	Conclusions 
	References

