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Surface Acoustic Wave (SAW) Resonator

Mass Production by Photo Lithography

Interdigital Transducer (IDT)

Reflector (Al)λ

Piezo-Substrate （42oYX-LiTaO3)
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Bulk Acoustic Wave (BAW) Resonator

Mass Production by MEMS & Thin Film Tech.
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Ladder-Type Filter

Fabrication of Multiple Resonators on a Chip
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Why High Q is Necessary?

High Q Offers Low 
Insertion Loss & Steep 
Passband Corners
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Role of Duplexer in FDD Transceiver

Power Amplifier

Low Noise Amplifier
-100 dBm

+25 dBm

Tx->Rx Leakage Suppression in Tx Band = Duplexer

Jammer (-15 dBm Max)
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RF Acoustic Wave Devices
• Operation in Radio Frequency
• Wideband
• Low Loss (High Q)
• Good Temperature Stability
• Power Durable
• Extremely Weak Non-Linearity
• Small Size and Light Weight
• Cheap
• ------------

Only SAW/BAW Devices Fulfill All of Them.
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Source: SystemPlus Consulting, SAW Filters Comparison 2020 
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Source: SystemPlus Consulting, SAW Filters Comparison 2020 

Installation of So Many RF SAW/BAW Devices in One Smart Phone
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Computer Environment in Ken’s Lab
• COMSOL Multi-Physics + MEMS Module + Livelink for 

Matlab + Matlab (6 Licenses)
• Windows Workstation (128 GB Memory) 6 Machines 
• Nvidia GPU (GV100, FP64, 32 GB Memory) 4 Boards
• Nvidia GPU (RTX8000, FP32, 48 GB Memory) 1 Board
• Many Windows & Unix Machines for Desk Works 

(Documentations, E-Mailing and so on.)

Final Goal
Transfer Developed Technologies, Know-Hows and Human 
Resources to Partner SAW/BAW Industries
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What are Necessary for Simulators?

 Improving Production Yields

 Better Understanding of Underlying Physics
 Reducing Number of Trials

 Meaningful Optimal Design

Accuracy
Accuracy
Speed

For Speedy Simulation

For Accurate Simulation

Behavior-Model Based Simulation

Full Wave Simulation
15



SAW Resonator Configuration

inV

Piezoelectric substrate

Interdigital Transducer (IDT)

Grating (Bragg) Reflectors

• Combination of Periodic Structures
• Wide Aperture
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Reflector ReflectorIDTGap(ϕ) Gap (ϕ)

1D Model: Cascade-Connection of Elements

Vin
Iin

1. Modelling of SAW Properties in an Infinitely long IDT
2. Determination of Model Parameters Using FEM
3. Simulation of SAW Structures Composed of Finite 

Gratings
4. Experimental Correction of Model Parameters
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Coupling of Modes (COM) Model for 
1D Simulation of SAW Devices
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FEMSDA (Full Wave Simulator)

SAW Propagation Direction

Finite Element Analysis
For Arbitrary Electrode Cross-Section 
（+ Analytic Solution not Available）

Piezoelectric Substrate

Metal 
Electrode

Flat Substrate Surface

Analytic Solution = Fast Analysis

Spectral Domain Analysis

Boundary Condition： Minimization of Radiated Power (Error) from Boundary

For More Complicated Structures: Use FEM

Very Fast and Accurate, But Applicable Structures Limited

G.Endoh, K.Hashimoto and M.Yamaguchi, 
“Surface Acoustic Wave Propagation 
Characterisation by Finite Element Method and 
Spectral Domain Analysis,” Jpn. J. Appl. Phys., 
34, 5B (1995) pp. 2638-2641
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piezoelectric Substrate

x=0

PML

x=2p
y=0

y=δ

Unit Cell for FEM

2.5D FEM for COM Parameter Extraction

y=0 (2 , ) (0, ) exp( 2 )xp y y j pβ= −u u
)0,(),( xx uu =δ

Boundary Conditions

Method 2: Calculation of f for Given 
βx (Only Possible by COMSOL)

PML: Perfect Matching Layer

Method 1: Calculation of Admittance 
per Period for Given ω Under βxp=π 
(Periodic Boundary Condition)
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R.Goto, H.Nakamura, and K.Hashimoto, “Spurious Free TC-SAW Duplexer Using the SiO2/LiNbO3
structure,” Proc. IEEE Ultrason. Symp. (2019) 10.1109/ULTSYM.2019.8925829

1D COM Simulation Example

Two SAWs are 
Considered in 
New COM Model
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Effect of 2D SAW Propagation

Countermeasure

Transverse Mode Resonances

Diffraction
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Impact of Transverse Resonances

Necessity of Complete Suppression of Transverse Resonances 
Without Sacrificing the Main Mode Performances (How?)

R.Goto, PhD Dissertation, Chiba University (2019) 27



wG

wB

wB

Region B

Region G

Region B

x

y

2
G,B G,B2 2x y

φ φβ φ γ∂ ∂
− = +

∂ ∂

Approximated Governing Equation

Scalar Potential Analysis 
for 2D SAW Propagation

28



7 Layer Model

How Accurate Scalar Potential Method?

Region 2 [Gap]
Region 3 [Dummy]

Region 1 [IDT

Region 4 [Busbar]

T.Omori, K.Matsuda, N.Yokoyama, K.Hashimoto, and M.Yamaguchi, “Suppression of Transverse Mode 
Responses in Ultra-Wideband SAW Resonators Fabricated on a Cu-grating/15oYX-LiNbO3 Structure”, 
IEEE Trans. Ultrason., Ferroelec., and Freq. Contr., 54, 10 (2007) pp. 1943-1948.

Region 4 [Busbar]

Region 2 [Gap]

Region 3 [Dummy]

Simulation Experiment

29
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Model Parameter Extraction

Calculation of f Dependence of βyp Under βxp=π 
(Longitudinal Resonance Condition) and Fitting

G.Tang, T.Han, J.Chen, B.Zhang, T.Omori, and K.Hashimoto, “Model Parameter Extraction for Obliquely Propagating 
Surface Acoustic Waves in Infinitely Long Grating Structures,” Jpn. J. Appl. Phys., 55, 7 (2016) 07KD08
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piezoelectric Substrate

x=0

PML

x=2p
y=0

y=δ

Unit Cell for FEM

2.5D FEM for COM Parameter Extraction

y=0

Boundary Conditions

Method : Calculation of f for Given βy
at βxp=π (Only Possible by COMSOL)

(2 , ) (0, ) exp( 2 )xp y y j pβ= −u u
( , ) ( ,0)exp( 2 )yx x jδ β δ= −u u
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Dispersion Relation of βy with f Obtained by Thin Plate 
Model (r Reflectivity)

( )[ ]25.01212 −±= − rFBy γ

Calculated by Full 
Wave Analysis (Bold) 
and Fitted (Thin)

G.B.Tang, T.Han, J.Chen, B.F.Zhang, T.Omori, and K.Hashimoto, “Model Parameter Extraction 
for Obliquely Propagating Surface Acoustic Waves in Infinitely Long Grating Structures,” Jpn. J. 
Appl. Phys., 55, 7 (2016) 07KD08
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7 Layer Model

How to Solve Partial Differential Equation?

Region 2 [Gap]
Region 3 [Dummy]

Region 1 [IDT

Region 4 [Busbar]

Region 4 [Busbar]

Region 2 [Gap]

Region 3 [Dummy]

2
2 2n nx y

φ φβ φ γ∂ ∂
− = +

∂ ∂

Use of COMSOL PDE (Partial 
Differential Equation) Mode

Not Easy to Solve it for Complicated 
Structures
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PDE Analysis Example (Al/128-LN)

B.F.Zhang, T.Han, G.B.Tang, Q.Z.Zhang, T.Omori, and K.Hashimoto, “Influence of Coupling with Shear 
Horizontal Surface Acoustic Wave on Lateral Propagation of Rayleigh Surface Acoustic Wave on 128oYX-
LiNbO3,” Jpn. J. Appl. Phys., 56, 7 (2017) 07JD02-1~4

Good Agreement with Periodic 3D-FEM
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J.Koskela, V.Plessky, B.Willemsen, P.Turner, B.Hammond, and N.Fenzi, “Hierarchical cascading 
algorithm for 2D FEM simulation of finite SAW devices,” IEEE Trans. Ultrason., Ferroelec., and Freq. 
Contr., 2018, DOI:10.1109/TUFFC.2018.2852603.

Hierarchical Cascading Technique (HCT)

Advantageous for FEM Analysis of Structures Including Periodic Ones
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HCT Step 1
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uc, Tc(=0)

PML

ur
D, 

Tr
D

Removal of urB

vD, qD

uc, Tc(=0)

PML

ul
A, 

Tl
A

vC, qC

When vC=Γ2vA, vD=Γ2vB

uc, Tc(=0)

PML

vB, qB

uc, Tc(=0)

PML

vA, qA

ur
B =ul

C,
Tr

B+Tl
C=0

HCT Step 3
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DOFs > 2,000,000 

Set up Example for SAW Resonator on 42-LT

COMSOL 2.5 D Analysis + Matlab (Through Livelink)
X.Li, PhD Dissertation, Chiba University (2019)

41



Simulation Example

X.Li, PhD Dissertation, Chiba University (2019)
42



Execution Time with CPU (i7-5820K, 3.3 GHz)
Memory Size < 8 GB

X.Li, PhD Dissertation, Chiba University (2019)
43



Calculate Field Distribution

At 921.5 MHz

44X.Li, PhD Dissertation, Chiba University (2019)

At 930.5 MHz

At 1044 MHz
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Lateral Effects in RF BAW Resonator

Design Challenge: Suppression of Inharmonic 
Resonances Without Badly Affecting Main Resonance

Energy
Leak

46



Traveling Wave Source for Analysis of Plate Wave Scattering
Selective Excitation of a Particular Eigen Mode 
(Plate Wave) with Wavenumber β  for Given ω

T3(top)=Aexp(-jβx)

X.Li, J.Bao, Y.Huang, B.Zhang, T.Omori and K.Hashimoto, “Traveling Wave Excitation Sources for FEM Analysis 
of Scattering in Acoustic Waveguide,” Microsystem Technologies, 25, 7 (2019) pp. 2783-2792

PML

T3(bottom)=±Aexp(-jβx) Well Fit to Hierarchical 
Cascading Technique

47



Analysis Model

Application of Fourier Transform for 
Evaluation of Scattering Coefficients

X.Li, J.Bao, Y.Huang, B.Zhang, T.Omori and K.Hashimoto, “Traveling Wave Excitation Sources for FEM Analysis 
of Scattering in Acoustic Waveguide,” Microsystem Technologies, 25, 7 (2019) pp. 2783-2792

48



HCT-Based Damping Mechanism
2N

Injected wave

reflected wave

Comment on Perfect Matching Layer (PML)
 PML Does not Work Properly for Backward Waves Where the Phase 

Velocity is Opposite to the Group Velocity.

X.Li, J.Bao, Y.Huang, B.Zhang, T.Omori and K.Hashimoto, “Traveling Wave Excitation Sources for FEM Analysis 
of Scattering in Acoustic Waveguide,” Microsystem Technologies, 25, 7 (2019) pp. 2783-2792
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Impact of HCT-Based Damping Mechanism

(a) Normal PML (b) Proposed Damping 
Mechanism

Complete Suppression of Non-Physical Reflection
X.Li, J.Bao, Y.Huang, B.Zhang, T.Omori and K.Hashimoto, “Traveling Wave Excitation Sources for FEM Analysis 
of Scattering in Acoustic Waveguide,” Microsystem Technologies, 25, 7 (2019) pp. 2783-2792 50



Calculated Scattered Wave 
Spectra

51



Variation of Γ with W1

X.Li, J.Bao, Y.Huang, B.Zhang, T.Omori and K.Hashimoto, “Traveling Wave Excitation Sources for FEM Analysis 
of Scattering in Acoustic Waveguide,” Microsystem Technologies, 25, 7 (2019) pp. 2783-2792
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Execution Time

Method 1: Hierarchical Cascading
Method 2: Conventional FEM
CPU i7-5820K, 3.3 GHz, 128 GB RAM

Acceleration by Parameter Sweep!

Method 1     8.7s                 0.5s
Method 2     42s

Computing
main-body

Damping
matrix

Parametric sweep

8.2s 1s for each case
42s for each case

total

For 1 frequency point

X.Li, J.Bao, Y.Huang, B.Zhang, T.Omori and K.Hashimoto, “Traveling Wave Excitation Sources for FEM Analysis 
of Scattering in Acoustic Waveguide,” Microsystem Technologies, 25, 7 (2019) pp. 2783-2792 53
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 PML Does not Work Properly for Inhomogeneous Cases such as Semi-
infinite Grating.  → HCT-Based Damping Mechanism

Y.Huang, J.Bao, X.Li, B.F.Zhang, L.Qiu, T.Omori, and K.Hashimoto, “Analysis of SAW Scattering with Discontinuous Periodic 
Gratings Using Travelling Wave Excitation and Hierarchical Cascading Technique,” IEEE Trans. Ultrason., Ferroelec., and Freq. 
Contr., 66, 7 (2019) pp. 1255-1263
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Scattering Coefficient at Discontinuity in SAW Grating 
on 128-LN

New Technique for 
Theoreticians!
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M.Solal , J.Gratier, R.Aigner, K.Gamble, B.Abbott, T.Kook,  A.Chen, and K.Steiner, 
“Transverse modes suppression and loss reduction for  buried electrodes SAW devices,” 
Proc. IEEE Ultrason. Symp. (2010) pp. 624-628

Piston Mode SAW Resonator
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SAW

Periodic Boundary 
Condition

3D One Period Model

SAW Scattering at IDT Side Edges

HCT Application
X.Li, J.Bao, Y.Huang, B.F.Zhang, T.Omori, and K.Hashimoto, “Use of Hierarchical Cascading Technique for FEM Analysis of Transverse 
Mode Behaviors in Surface Acoustic Wave Devices,” IEEE Trans. Ultrason., Ferroelec., and Freq. Contr., 66, 12 (2019) pp. 1920-1926
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Calculated SAW Field

Traveling Wave Source
X.Li, J.Bao, Y.Huang, B.F.Zhang, T.Omori, and K.Hashimoto, “Use of Hierarchical Cascading Technique for FEM Analysis of Transverse 
Mode Behaviors in Surface Acoustic Wave Devices,” IEEE Trans. Ultrason., Ferroelec., and Freq. Contr., 66, 12 (2019) pp. 1920-1926
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For 3D 
Analysis

60



HCT Segmentation

Calculated 
Reflection 
Phase

X.Li, J.Bao, Y.Huang, B.F.Zhang, T.Omori, and K.Hashimoto, “Use of Hierarchical Cascading Technique for FEM Analysis of Transverse 
Mode Behaviors in Surface Acoustic Wave Devices,” IEEE Trans. Ultrason., Ferroelec., and Freq. Contr., 66, 12 (2019) pp. 1920-1926
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Preparation

Damping 
boundary 920 sec.

HCT of active
region 255 sec.

Parametric 
sweep

sweep hm2 315 sec.

sweep Ls 160 sec.

Execution Time
*CPU: Intel Xeon W-2123 @ 3.60GHz 

X.Li, J.Bao, Y.Huang, B.F.Zhang, T.Omori, and K.Hashimoto, “Use of Hierarchical Cascading Technique for FEM Analysis of Transverse 
Mode Behaviors in Surface Acoustic Wave Devices,” IEEE Trans. Ultrason., Ferroelec., and Freq. Contr., 66, 12 (2019) pp. 1920-1926
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NVIDIA Quadro GV100
Use of High End GPU

• 32 GB Memory
• FP64 Calculation
• Shocking Price 1.5 M JPY
• Maximum Power 250 W
• Accessible by Matlab Parallel 

Computing Toolbox 63



Intel Xeon W-2123 NVIDIA GV100
Cores 4 5,120
Frequency 3.6 GHz 1.132 GHz
FP64 Performance 0.23 TFLOPS 7.4 TFLOPS
Configured Memory 128 GB DDR4 32 GB HBM2

Comparison between CPU and GPU
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Method 1 Method 2 Method 3
HCT No Yes Yes

main processor* CPU GPU
GV100

GPU
GV100

precision Double Double Single
Run
Time 

First Run 800 sec. 124 Sec. 75.3 Sec.
Parameter

sweep 800 sec. 85 Sec. 35 sec.
Memory used 12 GB 6+4.6 GB 6+2.7 GB

Execution Time
CPU: Intel Xeon W-2123 @ 3.60GHz 
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Full 3D Simulation of SAW Resonator
The whole structure of SAW resonator on 42-LT

Top view

Cross-section view

X.Li, J.Bao, L.Qiu, N.Matsuoka, T.Omori and K.Hashimoto, “3D FEM Simulation of SAW Resonators Using Hierarchical Cascading 
Technique and General-Purpose Graphic Processing Unit,” Jpn. J. Appl. Phys., 58, 7 (2019) SGGC05

M.Solal, M.Gallagher, and A.Tajic, “Full 3D Simulation of SAW Resonators Using Hierarchical Cascading FEM,” Proc. IEEE 
Ultrason. Symp. (2017) 10.1109/ULTSYM.2017.8092166
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Full 3D SAW resonator simulation

DOFs at interface
N≈6,000

X.Li, J.Bao, L.Qiu, N.Matsuoka, T.Omori and K.Hashimoto, “3D FEM Simulation of SAW Resonators Using Hierarchical 
Cascading Technique and General-Purpose Graphic Processing Unit,” Jpn. J. Appl. Phys., 58, 7 (2019) SGGC05
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Full 3D SAW resonator simulation
Case 1: NIDT=5, NBragg=2

COMSOL directly GPU based HCT
Time for 1 
frequency point

745 s 133 s

Memory 110 GB (CPU) 2 GB(CPU)+28 GB(GPU)

Total DOFs in the model: 
about 900,000

Calculated Admittances are Exactly the Same!

X.Li, J.Bao, L.Qiu, N.Matsuoka, T.Omori and K.Hashimoto, “3D FEM Simulation of SAW Resonators Using Hierarchical 
Cascading Technique and General-Purpose Graphic Processing Unit,” Jpn. J. Appl. Phys., 58, 7 (2019) SGGC05
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Impossible for COMSOL 
directly.

Full 3D SAW resonator simulation
Case 2: NIDT=257, NBragg=33

Total DOFs in the model:  >30, 000, 000

153 s for 1 freq. point!

X.Li, J.Bao, L.Qiu, N.Matsuoka, T.Omori and K.Hashimoto, “3D FEM Simulation of SAW Resonators Using Hierarchical 
Cascading Technique and General-Purpose Graphic Processing Unit,” Jpn. J. Appl. Phys., 58, 7 (2019) SGGC05
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Full 3D SAW resonator simulation

X.Li, J.Bao, L.Qiu, N.Matsuoka, T.Omori and K.Hashimoto, “3D FEM Simulation of SAW Resonators Using Hierarchical 
Cascading Technique and General-Purpose Graphic Processing Unit,” Jpn. J. Appl. Phys., 58, 7 (2019) SGGC05
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Application to Numerical Experiment

A.Iyama, X.Li, T.Omori, and K.Hashimoto, “Full 3D FEM Analysis of Scattering at a Border Between IDT and Reflector 
in SAW Resonators,” Proc. IEEE Ultrason. Symp. (2019) 10.1109/ULTSYM.2019.8925826

Influence of This 
Discontinuity?
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Contents

• What are Radio Frequency (RF) Surface and Bulk Acoustic 
Wave (SAW/BAW) Devices?

• Role of FEM Tools in SAW/BAW Device Design
• Hierarchical Cascading Technique (HCT)
• HCT Combined with Traveling Wave Source
• 3D HCT and Use of Graphic Processing Unit (GPU)
• Summary and Outlook
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COMSOL in RF SAW/BAW Devices
§Parameter Derivation for 1D COM Model
§Parameter Derivation for Lateral SAW/BAW Propagation

§Optimization of Lateral Edges of SAW/BAW Devices Using 
Traveling Wave Source and Parameter Sweep

HCT Enabled

§Analysis of Discontinuities in Periodic Structures
§Full 3D Simulation of Practical SAW Devices Using GPU

§2D Simulation of Behavior Model Using PDE Mode

73
§Numerical Experiments



COMSOL in RF SAW/BAW Devices
What are Next?
§Further Speed Up (Further Parallelize?)

74

§Easy Setup Environment for HCT, Especially 3D
§Fast Full 3D Simulation of BAW Devices



Surface Photo of RF BAW Device Chip

Full 3D FEM Necessary for Analysis of Transverse Mode Resonances

Apodization for Suppression of 
Transverse Mode Resonances

R.K.Thalhammer, and J.D.Larson, “Finite-Element 
Analysis of Bulk-Acoustic-Wave Devices: A 
Review of Model Setup and Applications,” IEEE 
Trans. Ultrason., Ferroelec., and Freq. Contr., 63, 
10 (2016) pp. 1624-1635. 

75



Thank you for your attention!
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For Questions and Suggestions
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Please Contact Me Through k.hashimoto@ieee.org
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