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ABSTRACT Surface acoustic wave (SAW) devices are key components in 5G communication systems, and
the design of SAW filters with high frequency, high performance and high reliability is a necessary and
challenging task. In this work, SAW resonators with LiNbO3/SiO, /Si multi-layer structure are designed
based on the spectral element method (SEM). Normally, however, massive computing resources are needed
for solving a whole resonator directly by using full-wave numerical methods. To avoid simulating the
large-aperture full structure of any SAW resonator, an equivalent small-aperture 3D structure can be modelled
in the direction of the aperture by changing the internal resistance of the driving source to obtain the results
of the full-scale aperture model. The one-port SAW resonators are then connected in the form of ladder
networks to form band-pass SAW filters. The numerical results show that the SEM is more computationally
efficient than the finite element method under the same number of degrees of freedom, and the results of the
3D small-aperture model are consistent with the complete resonator.

INDEX TERMS Spectral element method (SEM), resonator, SAW filter, aperture.

I. INTRODUCTION
Surface acoustic wave (SAW) devices have become key radio
frequency (RF) devices in the wireless communication field.
With the coming of 5G communications, and in order to
meet the high performance demand of SAW devices, many
new-type SAW devices with more complicated structures
and multilayer piezoelectric substrates have been continu-
ously developed, such as temperature compensated SAW
devices [1], high-performance SAW devices on new sub-
strates [2], heterogeneous acoustic layer SAW devices [3]
and longitudinal leaky SAW devices [4]. However, for such
SAW devices with complicated structures and high operating
frequencies, an efficient technique for their accurate and fast
simulation becomes a critical factor for device analyses and
designs.

In modeling and simulation of SAW devices, several
approximate but efficient methods have been widely utilized,
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including the delta function model [5], transmission matri-
ces [6], equivalent circuit models [7], P-matrix model [8]
and coupling-of-modes (COM) theory [9], but in general
their accuracy is not sufficient for modeling the phys-
ical behaviors of SAW devices, especially when deter-
mining all the electromechanical effects and propagation
characteristics [10], [11].

A rigorous technique for simulating a SAW device is
to numerically solve the coupled partial differential equa-
tions (PDEs) governing the electric and mechanical fields,
such as the finite element method (FEM), the boundary
element method (BEM), and the combined FEM and BEM
(FEM/BEM or FEBI). The FEM provides an effective and
universal design evaluation, geometry independent reso-
lution and the ability to seamlessly incorporate material
losses (mechanical, electrodes and piezoelectric) and dif-
ferent boundary conditions [12], [13], [14]. In the BEM
approach, a semi-infinite substrate can be rigorously modeled
by the Green’s function for the integral form of piezoelectric
equations. The advantage of this approach is in accurate
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description of the substrate, as well as leaving a smaller
region for the FEM analysis [15]. The FEBI method combines
the advantages of the FEM and BEM methods and simulates
the infinite SAW structure accurately [16], but the drawback
of this approach is that it destroys the sparsity of the FEM
system of equations [17], [18]. This leads to a significant
increase in the computational cost that can be incompatible
with short design time and cost effective computing sys-
tem. In addition, a lot of care has to be taken to handle
all singularities of the Green’s function [19]. Up to now,
a number of simulation techniques have been developed and
applied to SAW modeling but there is still need for significant
improvement.

The spectral element method (SEM) is a numerical tech-
nique with higher order accuracy for solving PDEs. This
method combines the high accuracy and rapid convergence
of the pseudo-spectral method and the geometrical flexibility
those of the finite element method. Compared with the con-
ventional FEM, SEM can save a large number of degrees of
freedoms (DoFs) and improve the computational efficiency
thanks to its fast convergence [20], [21]. Therefore, it is more
computationally advantageous to simulate 3D SAW devices
using the SEM.

In this paper, the 3D SAW model based on a multi-layer
structure is built to obtain wave propagation responses.
In general, a typical one port SAW resonator is on the order of
100 - 500\ long, 30 - 100 wide in the lateral direction (aper-
ture) and a depth of up to 100A. Thus, it is nearly impossible
to solve such large-scale model directly. To avoid simulating
the whole SAW resonator, a finite small-aperture equivalent
model can be utilized in 3D, by changing the internal resis-
tance of driving source to obtain admittance or S-parameter
of the actual large aperture. By comparing the numerical
results from the whole 3D model with small-aperture model,
we show that the simulation results can be in very close
agreement with 3D-aperture model. The small-aperture used
herein reduces the computer memory requirements and CPU
time consumption. Additionally, this work establishes a cou-
pled piezoelectrio-circuit model in which piezoelectrics are
directly connected with an external electric circuit to calculate
the current, voltage and power.

The rest of this paper is organized as follows: In section II,
the SEM algorithm, a coupled piezoelectric-circuit model,
small-aperture resonator and the modified Butterworth-Van
Dyke (MBVD) models are described in detail. In section III,
the accuracy of SEM algorithm and small aperture method
is verified and the computational efficiency is compared
through several calculation examples, and then the small
aperture method is used to design high-order trapezoidal
filters. Finally, a summary of the application of small aperture
algorithm is drawn.

Il. THEORY FOR SAW RESONATOR SIMULATION

A SAW resonator is based on electroacoustic multi-physical
field effects to achieve the mutual conversion of electri-
cal and acoustic energy. Figure 1 shows the vertical view
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FIGURE 1. Schematic of a one-port resonator with key design
parameters. (a) Top view. (b) Cross-sectional view.

of a typical SAW resonator on the piezoelectric substrate
with key parameters labeled. The interdigital transducers are
composed of N, pairs of metal fingers with aperture W,
pitch of electrodes P, and electrode width P/4. Two grating
reflectors with N, electrodes are placed at both sides of the
interdigital transducers to enhance the acoustic wave reflec-
tion. The spacing p between reflective gratings composed
of metal pairs is P/2, the gap g between IDT and reflective
grating (GR) is set as P/4, and the metallization rate 7 is 0.5.
Figure 1(b) shows the cross-sectional view of the three-layer
model with LiNbO3(lithium niobate), SiO, and Si. Among
them, the thicknesses of lithium niobate, SiO; and electrodes
are sub-wavelength and given as 0.175P, 0.175P and 0.0125P,
respectively. Silicon is used as the substrate, and its thickness
is set to 6P, and PML is used at its bottom to absorb outgoing
waves. Under the time convention of e~/’, the propagation
of the acoustic waves in a piezoelectric material is governed
by the following coupled electromechanical equations:

p’u+V-1t=0 1)
V-D=p, (2)
T=c:e—¢ E 3)
D=e¢:e+¢-E @)
E=-VV (5)

€= %(Vu—i—VuT) (6)

where p, u, T and e are the mass density, displacement
vector, stress tensor and strain tensor, respectively. D, E,
V and p, are the electric displacement, electric field, volt-
age and applied charge density, respectively. €, e, and ¢
are the second-order dielectric constant, third-order piezo-
electric coupling coefficient and fourth-order elastic matrix,
respectively. The constitutive equations (3) and (4) realize
the linear electromechanical interaction between the mechan-
ical and electrical states in piezoelectric materials. For non-
piezoelectric materials(Si, Si0;), however, the piezoelectric
coupling coefficient will vanish, and there is no coupling
effect between mechanical and electrical energy.

To solve the piezoelectric equations with the SEM, it is
necessary to convert equation (1) and equation (2) into weak
forms by multiplying, both sides of the equations by the test
function w and integrating it, and then using the integration
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by parts to yield.

—a)z/w,oudQ:/wﬁ-rdF—/ Vw - 1dQ @)
Q r Q

/w,oedﬁz/wﬁ-DdF—/ Vw-Dd2  (8)
Q r Q

In the above, 2 is the whole computational domain, I' is
its boundary surface, 7 is the unit normal direction of the
boundary surface, and w is the test function. In the weak form
formulation, the computation domain €2 will be divided into
K non-overlapping hexahedral elements. Each hexahedral
element in the physical space will be mapped to the reference
cubic element through coordinate transformation, so that the
numerical integration, derivation and interpolation can be
directly carried out in the reference element. The spectral
element method in this work uses the Legrange function as
the basis functions, and selects the Gauss-Lobatto-Legendre
(GLL) points as the interpolation points. In the reference
element, the Nth-order basis function has N + 1 GLL points,
defined as:

~1 (1 —EHLL(E)
NN + DLy(&) & —&

where € [—1,1],i=1,--- ,N + 1, Ly (&) and L;V(Si) are
the Nth-order Legendre polynomial and its derivative, respec-
tively. So in the three-dimensional problem, the physical field
will be expanded using these basis functions. For example,
the x component of the displacement field is:

> Z;V" SV & g vi)
x ¢ E)¢) gy () (10)

and similarly for other displacement components and for the
electrical potential. Boundary conditions at the outer surface
will involve the displacement vector (u), the electrical poten-
tial (V), the normal components of the stress (7 - t|r) and
of the electrical displacement (7 - D|r). Firstly, stress-free
boundary conditions (- 7| = 0, the surface traction is zero)
is applied to the top of the substrate and electrodes. Secondly,
the perfectly matched layer (PML) boundary condition is
applied to eliminate the spurious reflections at the bottom of
the substrate. Finally, the electric signal boundary conditions
are imposed on the electrodes and the outer insulator surfaces.
Each SAW resonator is made up of periodic interdigital elec-
trodes connected to two bus bars which connect to the electri-
cal source (or load). Therefore, a coupled piezoelectro-circuit
model needs to be established in electric boundary condi-
tions, in which piezoelectrics are directly connected with an
external electric circuit to calculate the current, voltage and
power. It is important to note that the boundary integrate for
quasi-static equation will generate electric charge Q on the
surface of the electrodes, i.e. Q = fr wn - DdT". The current
routed through the electrodes are

o) = )

ux(&,n,y)=

[ = —iwQ= —iw/ wh - DdT (11)
r
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FIGURE 2. Four typical circuit models for piezoelectro-circuit systems.
(a) Ideal voltage source Vs; (b) Voltage source Vs with an internal
impedance Zs; (c) Ideal current source /s; (d) Current source /s with an
internal impedance.

Four typical models designed and implemented in Figure 2,
and the relationships between voltage source (or current
source) and SAW resonator are shown below:

« Ideal voltage source:
Vir =V (12)

« Voltage source with an internal impedance :
/waz -DAT" = —1Ip Jiw = —(Vs — V|p)/iwZs; (13)
o Ideal current source:
/Fwﬁ-DdI‘z—IL/ia)z—s/iw (14)
o Current source with an internal impedance:
/Fwﬁ -DdT = -1 Jiw = —(IZ;—V|r)/iwZ; (15)

where Vs and V| are the voltages at the voltage source and
electrode, respectively; I; and I, are the currents at the current
source and load, respectively; Z; is the internal impedance
of the source. The voltage of the electrode V| is unknown
except for ideal voltage source. Special attention must be paid
for the simple RCL circuit, where Z; is a complex number.
In addition, if the electrode is directly connected with a load
resistor, the voltage V; is zero in equation (13).

For the conventional 3D SEM, the substitution of the poly-
nomial interpolation equation (10) and boundary conditions
equations (12)-(15) into equation (7)-(8), the system matrix
equation can be written as

K +]wcuu _ wZMuu KuV u) 0 (16)
KVu _KVV V]~ fe

where M*" is the mechanical mass matrix, C* is the
mechanical damping matrix, K®V is the piezoelectric cou-
pling matrix, K“* and K"V are the mechanical and dielectric
stiffness matrices, respectively, and f, is the electric charge
vector. An iterative or direct solver is used to solve the above
linear system.

A typical SAW resonator is on the order 30\ - 100\ wide in
the aperture direction, and it is nearly impossible to simulate
such large-scale aperture directly using a full-wave solver in
3D. Therefore, one usually use a simplified but equivalent
resonator with a finite small-aperture grating in simulation,
and the numerical results are in consonance with the actual-
aperture resonator. As is well known, the displacement field
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FIGURE 3. The schematic diagram of power supply simulation for

(a) small aperture model with an aperture length of ¢. and (b) a large

aperture model with an aperture length of L.

and electric field form an equiphase plane along the aperture
direction if the fringe effects at both ends of the aperture
are neglected. The current is obtained by integrating normal
electric displacement on the aperture surface, and the inte-
gral in equation (11) is proportional to the electrode width
(acoustic aperture) when the electrode length is fixed. Thus,
the impedance of the resonator is inversely proportional to
the area of cross-section. As shown in Figure 3, the currents
routed through the electrodes are equation (11). The cur-
rent relationships between the small-aperture (/) and large-
aperture (L) are
Vs — V|T‘

I =al = Z (7)

Vs — V|F

1,
I Z

(18)

where « is the ratio of the large aperture to small aperture,
Z; and Zp are the impedance modulus connecting the small
aperture and large aperture model, respectively. So, the SAW
resonator with large-scale aperture can be achieved and only
by changing the internal resistance Z; in the finite small-
aperture resonator, i.e. Z; = «Zy. Then, for a finite small-
aperture resonator, the voltage and current in electrodes are
equivalent to those in a real-aperture model.

Through the voltage and current, the admittance response
of the SAW resonator including the resonance frequency
and anti-resonance frequency can be obtained. The modified
Butterworth-Van Dyke (MBVD) model has been used as an
equivalent circuit of the SAW resonator to extract relevant
parameters [22], [23], as shown in Figure 4. The relationships
between the circuit parameters are expressed as

1< 1
Co= n ; imag(Z)2nf; (19)
Cn = co[%)2 —1] (20)
1

Ly, = 2Con (21)

wsLy,

Ry = 22
0, (22)
wp Oy

Ry=(2= _1 23

0 (U)s 0 ) (23)
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FIGURE 4. The modified Butterworth-Van Dyke (MBVD) circuit as an
equivalent circuit of the SAW resonator.

Oy
QsO

where Cy is the static capacitance and represents the capaci-
tance between the electrodes and the substrates, and it can be
estimated by selecting the impedance values Z; = Z(w;), i =
1,---,natn (usually 5-10) frequency points away from the
resonance frequency; w, and w; are the parallel resonant
frequency and the series resonant frequency, respectively;
Cp, Ly, and R, are motional capacitance, inductance and
resistance, respectively; Ry models the resistance of the elec-
trodes, while R helps for better description of acoustic losses
when the circuit is in parallel resonance. The acoustic resistor
R,, also models acoustic losses which affects predominately
the series resonance. Qp, Oy and Qg are quality factor of the
parallel resonance, quality factor of the series circuit R, L,,,Cp,
and quality factor of the series resonance for the whole cir-
cuit including resistors Ry, respectively. The approach for
determining Qs0 and Q) is to use the slope of the phase
characteristic of the impedance. The value of Q5 cannot be
obtained directly due to the existence of Ry, so it is necessary
to estimate Q; firstly and then correct it (detailed description
in [22]). The admittance response obtained by the parameters
estimated by the above formulas will have a certain error with
the SEM analysis result, but the parameters can be optimized
by ADS. The MBVD models have been used for the design
and optimization of topologies of SAW filters including
m-shaped, T-shaped, and ladder filters, etc.

Ry = (=— — DR, (24)

Ill. NUMERICAL EXAMPLES

In this section, a wideband SAW resonator in a LiNbO3 /SiO2 /
Si layered structure [24] is used to illustrate the accuracy
of the SEM, and the finite-element solutions are used as
references. The thickness of LiNbO3, SiO;, Si and electrode
are provided in Table 1, and the material parameters are given
in the Appendix. The piezoelectric material LiNbO3 substate
have Euler angles (0°, 60°, 120°) and its material parameters
are also given in the Appendix.

A. A PAIR ELECTRODE RESONATOR
We first consider a pair electrode model to investigate the
accuracy of the SEM algorithm, as shown in figure 1(b).
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FIGURE 5. Displacement field distribution with frequency of 808 MHz along the cut plane X=0.3 xm for the single
pair of electrode of P=4 um, (a) amplitude of uy, (b) amplitude of uy, (c) amplitude of u;, (d) 3D simulated SH
vibration displacement distribution. (e) Displacement distribution diagram on the XZ plane.
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FIGURE 6. Simulated admittance response of SH-SAW resonator with
P=4 ym.

A periodic boundary is used in the x- and y-direction, and
the bottom of the Si substrate is a PML. Applying a 1V
voltage with internal resistance 50 €2 to input electrodes, and
the output electrodes are connected to ground. The measured
voltages generated on the input and output electrodes are used
to calculate the frequency response of the SAW resonator.
For the resonator structure shown in Figure 1(b), in order
to transmit SH-SAW with high electromechanical coupling
coefficient k2, the thickness of lithium niobate film, silicon
dioxide and electrodes and the electrode material need to be
optimized. In [24] and [25], k2 of SH-SAW resonator exceeds
45% at hyn/P of 0.2-0.25 with Au-IDT of 0.025P thick and
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hry is equal to hg;o,. When solving the periodic single pair
of electrodes with P = 4 um, it is found that resonance
occurs at f; = 808 MHz. As shown in Figure 5, the shear
horizontal surface acoustic wave propagating on the lithium
niobate piezoelectric film mainly focuses on the piezoelec-
tric layer due to the LN /SiO, acoustic waveguide structure.
Figure 5(d) shows the simulated displacement distribution
when the SH-SAW wave propagates along the x direction.
The vibration displacements are parallel to the substrate along
the y direction. According to the admittance response in
Figure 6, it can be concluded that the electromechanical
coupling coefficient of SH-SAW resonator designed based
on LNOI structure with P=4 pm can reach 42% according
to k2 = m?/8 x (fp2 —fs)z/fxz, where f; and f,, are resonant
and antiresonant frequencies, respectively.

The mesh used for the SEM and FEM numerical simu-
lation are composed of 8200 hexahedron elements, and the
degree of freedom of the mesh is about 796,120. As show
in figure 7 and 8, the calculated displacement waveforms and
voltage from the SEM method is compared with the FEM
solutions in 900 MHz. It is shown that excellent agreement
is achieved for the two numerical solutions. The L, norm
errors of the SEM and FEM solutions are 0.65% and 0.3%,
respectively.

In order to validate the efficiency of the SEM solver, the
frequency response of the SAW resonator at different pitch
values of P of electrodes are calculated over the frequency
band from 700 MHZ to 1400 MHz with 140 frequency points.
The simulated admittance of the SAW resonator is provided
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TABLE 1. Key model parameters of single pair of electrodes.

Symbol value Descripition
P 4 pm, 3.7 pm, 3.5 pm, 3.2 pm IDT Period
hr N 0.175P LN thickness
hsio, 0.175P Si02 thickness
hg; 6P Si thickness
hejec 0.0125P Electrode thickness
n 0.5 mentalization ratio
3D (0,0.3,25.05), (4,03, 25.05) | Coordinates of 3D
section section line
, X107 x107%
e : 5o
E' E2
50 So
§.1 5'2
-4
2
0 1 2 3 4 0 1 2 3 4
x (m) x10°® x (m) x10°®
(a) (b)

FIGURE 7. Displacement on the three-dimensional section line obtained
by SEM, FEM. (a) Real part of displacement in the x direction, (b) Real
part of displacement in the z direction.

S04

X (m)

%106

FIGURE 8. Voltage comparison on a 3D cross-section between SEM and
FEM in the x direction.

in Figure 9 with different pitch values. SEM takes only 1.1h
to complete all simulations, while the FEM in COMSOL
takes about 1.5h. The efficiency has increased by around
1.4 times by using SEM, which is a significant improvement,
particularly for large-scale models that actually need to be
simulated.

B. LARGE-SCALE APERTURE RESONATOR

In the previous section, a single-pair electrode model was
used to compare the computational results of SEM and FEM.
In this section, a more complex structure will be used to com-
pare the results of SEM and FEM for the full-scale structure.
The SAW resonator is configured with IDTs consisting of
20 pairs of fingers and 10 grating reflectors placed on both
sides of the IDTs, and the aperture length is 21 um. The oper-
ating IDT period P is set as 3.5 um. It is noted that in order
to prevent the required computer resources of the complete
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FIGURE 9. Comparison of admittance responses from SEM and FEM at
different pitches.

FIGURE 10. Schematic diagram of 3D model of large aperture resonator.

resonator from being too large, the thickness of Si is adjusted
from 6P to 2P. Figure 10 shows the full 3D model. The
structure with aperture length [ of 2 um is selected, and the
periodic boundary condition is adopted at the y-axis bound-
ary. In order to better compare the displacement changes of
the SH-SAW resonator under the three-dimensional structure
when the SH wave propagates in the x direction, the 3D
section line from (0, 0.1, 8.0) to (120, 0.1, 8.0) at frequency
f = 1 GHz is selected to observe the displacement change
of the resonator in the piezoelectric layer of lithium niobate.
Figure 11 shows the displacement under this cross-section
as SH-SAW propagates along the x direction at frequency
f = 1 GHz. It is shown that excellent agreement is achieved
for the two numerical solutions. For the real part of uy, uy
and u, component, the L, norm errors of the SEM and FEM
solutions referring the FEM results are 2%, 1% and 1%,
respectively.

The accuracy of the equivalent resistance theory using the
finite small-aperture model was validated by comparing its
results with the actual large-aperture model with full size.
It is noted that the aperture just needs to be discretized by
one hexahedral element (i.e.,0.2 pm) for finite small-aperture
model, and periodic boundary are used in the aperture (y)
direction. If a 1V voltage source with internal resistance
50 © is applied to the large-aperture model, the internal
resistance will be adjusted to 50« €2 (#=105) in the equivalent
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FIGURE 11. Displacement on the three-dimensional section line in
Figure 10 obtained by SEM and FEM at f=1 GHz. (a) Real part of ux
component, (b) Real part of u, component. (c) Real part of u;
component.

finite small-aperture model. Thus, the number of degrees
of freedom of the mesh is 3.1 million and 17.9 million for
small- and large-aperture models, respectively. The simulated
admittance of the resonator is provided in Figure 12 for the
finite small-aperture model, large-aperture model without the
fringe effects and large-aperture model with the fringe effects.
It is noted that the number of degrees of freedom of the
large-aperture model is very large, thus consuming a large
amount of computer resources, so only dozens of frequency
points were compared. As shown in Figure 12, the admittance
has excellent agreement with the large-aperture model if the
fringe effects at both ends of aperture are neglected. For
the large-aperture model with fringe effects, however, the
acoustic signals were reflected from the aperture fringes,
but the admittance results are also consistent with the finite
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TABLE 2. SEM calculation details of small aperture structure, large
aperture structure and two-dimensional structure COMSOL calculation
details.

Model DoFs = ppy  Frequency pypo order
(million) points
Small aperture 3.1 9 140 1h 3
Large aperture 17.9 7 35 48 h 3
2D model 0.93 9 140 0.6h 3
——Small-aperture
0 =Large-aperture without fringe effects

COMSOL-2D
* Large-aperture with fringe effects

Admittance [dB]

8 9 10 1 12

Freq [Hz] x108

FIGURE 12. Comparison of admittance responses among the finite
small-aperture structure, large-aperture structure without the fringe

effects, 2D structure of COMSOL and large-aperture structure with the
fringe effects for the model in Figure 10.

small-aperture. Therefore, the simulation of a large-aperture
resonator can degenerate into a small-aperture model.

COMSOL software has been widely applied as a powerful
tool for analyzing the wave-acoustic process in piezoelectric
crystals. Compared with two-dimensional calculations, three-
dimensional calculations will require more DoFs. While
comparing the computational efficiency of large aperture and
small aperture under SEM, the computational efficiency of
COMSOL in 2D is added. As shown in Figure 12, the admit-
tance response of the 2D structure has excellent agreement
with the small-aperture model and the large-aperture model
neglecting the fringe effects. And the L, norm errors of the 2D
structure of COMSOL and small-aperture of SEM solutions
is 4%. As shown in table 2, the number of DoFs of the 3D
small-aperture model is about 3 times that of 2D model,
and the calculation time of SEM is only about twice that of
COMSOL in 2D. It shows that the small aperture model using
SEM has computational advantages in 3D.

C. SAW FILTER DESIGN

In the previous part, the accuracy of the algorithm is verified
by comparing the results of the full-wave simulation and the
finite small-aperture model. In this part, the small aperture
model is used to calculate the series and parallel resonators
and design the high-order ladder filter based on the simu-
lation results. In order to obtain a larger bandwidth of the
trapezoidal filter, the frequency offset between the resonant
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FIGURE 13. Comparison of admittance response between MBVD-circuit
and small aperture SEM method.

TABLE 3. Extracted parameters of shunt and series resonator.
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FIGURE 15. S-parameters (S11 and S21) of the high order filter.

TABLE 4. Elastic material.

material 3?;/':%3) Young (Il;::;dulus Possion ratio
fs k2 L Rm Cm Co Ro Rs Si 2320 160e9 0.22
parameter
MHz) (%) (H) (@ (B (B (@) @ Au 19300 7069 0.44
Shunt 808 4271 52.1 0.58 0.744 2.15 0 0.15 .
Si02 2320 70e9 0.17

Series 925 4196 405 059 073 215 0 0.25
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FIGURE 14. Topology of high order filter and resonators parameters.

frequencies of the series resonator and the parallel resonator
is carefully designed. Referring to the simulation design of
the single-pair electrode SAW resonator device in the sub-
section III-B, the pitches of the series and parallel resonators
are 4 um and 3.5 pum, respectively. The length of the small
aperture model W is 0.2 um, and the corresponding complete
model is 70 pairs of IDT, 20 pairs of reflection gratings, and
the length of the acoustic aperture is 20 wavelengths. Refer
to Figure 1 and Figure 10 for the simulated 3D model view.
Figure 13 shows the admittance response of the designed
series and parallel resonators. The MBVD circuit parame-
ters of the series and parallel resonators are extracted from
equations (19)-(24) explicitly. The relevant parameters are
listed in Table 4. As shown in Figure 13, the MBVD circuit
result is in good agreement with the SEM simulation results
if some spurious waves are ignored. Due to the existence of
Rayleigh waves around 1.2 GHz in the simulation results, the
equivalent MBVD circuit cannot obtain such a waveform, but
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this does not affect the filter design in the frequency band. The
structure of traditional trapezoidal filter is composed of the
series resonators and parallel resonators. The higher the order
of the ladder filter, the better the out-of-band suppression
will be, and the insertion loss of the passband will also be
reduced. There must be a trade-off when building a topology
circuit. In the design of the ladder filter architecture, various
topological structures have been investigated, and the simula-
tion results showed that the structure in [26] produced higher
out-of-band rejection and lower insertion loss. In order to
obtain a high out-of-band suppression effect, a “‘sixth-order”
ladder filter is designed. And a parallel resonator is added
to the input and output ends of the traditional sixth-order
ladder filter respectively. This kind of trapezoidal filter has
better out-of-band suppression effect than the seventh-order
trapezoidal filter, and the insertion loss will not deteriorate,
which is also beneficial to the flatness in the band. As shown
in Figure 14, the standard impedance is 50 €2, and matching
circuits are added to the input and output ports. The simulated
S-parameters of the trapezoidal filter are shown in Figure 15.
Using the simulation results of this equivalent admittance
algorithm to build the variation trend of the S parameters
of the circuit, it can be seen that this simulation has indeed
achieved good filtering effects. Figure 15 shows that the out-
of-band suppression is below —40 dB and insertion loss is
less than 2.0 dB, indicating that the equivalent admittance
calculation method of the small aperture model in accurate
while reducing the computational costs.

IV. CONCLUSION
In this study, the spectral element technique has devel-

oped for simulation of 3D SAW resonator. A coupled
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piezoelectric-circuit model was established, in which the
electrodes were directly connected with an external elec-
tric circuit to calculate the current, voltage and admit-
tance. In addition, admittance of a large-aperture grating can
be modeling via equivalent resistance method. Using the
approach described the admittances of resonator with small-
and large-aperture are entirely coincident. Our results show
that the SEM used herein reduces the computation require-
ments and time consumption while maintaining sufficient
accuracy for the SAW resonator. Finally, using this method to
design a ladder filter with the insertion loss of less than 2.0 dB
and the bandwidth of 145 MHz shows the practicability of
the algorithm. It shows that SEM of the small aperture model
proposed in this work can accurately simulate the surface
acoustic wave characteristics of the complete model SAW
device, and the simulation efficiency is greatly improved.

APPENDIX. MATERIAL CONSTANTS
Lithium niobate (LiNbO3):
p = 4650 Kg/m>

[ 2.0 0543 0.70 0.079 0 0
0.543 2 070-0079 0 0
c._| 070 070 2424 0 0 0
¥=10.079-0.079 0 0595 0 0
0 0 0 0 05950079
0 0 0 0 00790.0728
x 10" N /m?
0 0 0 03.7-2.38
ej=|-2382380370 0 |C/m?
| 0.34 034160 0 0
(443 0 0
g=| 0 443 0
0 0 279
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