
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4  Experimental and simulated conversion 
loss of the (a)1 layer (b)4 layer (c)12 layer c-axis 
zig-zag ScAlN film acoustic resonators 
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Fig. 3  (0002) pole figure of 12 layer ScAlN 
film 
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c°and that of odd layers was observed at 
c41.7°. The pole concentration indicates the 
c-axis tilt dispersion. FWHM values of cscan 
curves of even layers and odd layers were 
determined to be 10.2° and 12.6°, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4(a), (b) and (c) show shear wave 
conversion loss curves of monolayer, 4 layer and 12 
layer ScAlN film HBAR consisting of Au 
electrode/ScAlN film/bottom Al electrode/silica 
glass substrate. The S11 was measured by a network 
analyzer (E5071C, Agilent Technologies). The time 
domain impulse response was obtained from an 
inverse Fourier transform of S11. The first echo 
from the bottom of substrate was 
Fourier-transformed into frequency domain to 
obtain the conversion loss curve.  

Monolayer ScAlN film excites fundamental 
shear mode of 4.0 dB at 492 MHz. Comparing with 
the experimental and theoretical curves simulated 
by Mason’s model, the k’15

2 value of the monolayer 
ScAlN film was determined to be 11.3%. 

In contrast, 12 layer zig-zag ScAlN film 
clearly excites 12th-order shear mode of 1.4 dB at 
612 MHz. This experimental curve shows good 
agreement with the theoretical curve simulated by 
Mason’s model considering twelve polarization 
inversions. 

This new type of polarization inverted FBAR 
transformer is promising for RF-DC conversion in 
the rectenna. 
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1. Introduction 

Finite element method (FEM) simulation[1] is 
widely used in designing ultrasonic devices, such as 
SAW/BAW resonators[2,3]. In many cases, FEM 
models are composed of a large number of degrees- 
of-freedom (DOFs), and required computer power 
and memory size are enormous.  
In 2016, Koskela, et al. proposed hierarchical 

cascading approach for FEM simulation of SAW 
devices[4]. It is based on elimination of inner DOFs 
from a unit block and its cascading. Thus provided 
that the model under concern is composed of 
periodic elements, required memory size can be 
reduced drastically, and the FEM simulation can be 
performed very quickly. 
The authors proposed use of traveling wave 

excitation sources (TWESs) for the FEM analysis 
of SAW/BAW scattering[5]. It was shown that this 
technique is quite effective for the scattering 
analysis at the side border of BAW devices and that 
at the aperture edges of SAW devices. 
This paper describes use of the hierarchical 

cascading approach for the TWESs based FEM 
analysis of BAW devices. An efficient absorbing 
mechanism is developed to replace the perfectly 
matched layer (PML). The calculated results and 
calculation time are compared with those of the 
original whole FEM analysis. 

2. Hierarchical cascading FEM matrix 

The basic theory of hierarchical cascading FEM 
matrices is given in [4]. Here we summarize the 
hierarchical cascading approach modified for this 
work. 

First, the whole FEM model is divided into some 
different units for SAW/BAW simulation,. The 
FEM matrix of each unit is expressed as: 
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where Aij are sub-matrices, x and L are DOFs and 
surface forces, and subscripts R, L, and I indicate 
values at left/right boundaries and in interior, 

respectively. Elimination of xI from Eq. (1) gives 
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where 
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Note that xI is related to xL and xR as 

 -1
I 22 I 21 L 23 R x A L - A x A x .         (4) 

Next, let us consider two blocks labelled A and B 
are cascaded. Since xR

A=xL
B and LR

A+LL
B=0,  one 

may obtain the following equation with the same 
form as Eq. (1): 
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I LAALAAL  . Thus total B matrix for 

the whole simulation model can be calculated by 
successive application of this algorithm (see Fig.1) . 

All DOFs at boundaries can be calculated by 
giving appropriate boundary conditions to the side 
ends. Once boundary DOFs are obtained, inner 
DOFs can be also calculated using Eq.(4). 

 

Fig.1 Hierarchical cascading algorithm 

Due to iterative use of the identical working space, 
required memory size can be reduced significantly. 
Furthermore, in cases when many identical units are 
aligned, we can accelerate the calculation speed 
exponentially by recursive use of calculated B 
matrices at the hierarchical cascading[4]. 

3. Hierarchical Cascading TWES BAW model 

The technique described above is applied in 
TWES BAW model shown in Fig.2. The                                             
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Ru/AlN/Ru composed mebrane is considered, and 
the setup is the same as that used in [5]. The 
frequency is set just below the cutoff frequency of 
the main (S1-) mode. Phase variation of TWES is  
set so that S1- Lamb mode with the wavenumber  
is predominantly excited at the active area and 
incident to the border area, and scattered waves are 
sensed at the passive area 2. These waves are finally 
absorbed at the damping area. 

 

Fig. 2 Schematic TWES BAW model 

The B matrix of the damping area was realized as 
follows: An isotropic loss factor is introduced to 
each unit, and the value gradually increases for a 
few units (models a-c), and is constant (model d) as 
shown in Fig. 3. The hierarchical cascading enables 
rapid calculation of the total B matrix of cascaded 
model-d’s even when the number of region-d’s is 
extremely large provided that the number is n-th 
power of 2. Since xL is regarded as zero when n is 
sufficiently large, Eq. (2) can be simplified as 

RR22 LxB  for the damping area. 

 

Fig. 3 Variation of loss factor in damping region where 
waves are incident from the right end. 

The B matrix of the active area is also assembled 
by the hierarchical cascading including the phase 
shift in L. To save time, passive areas shares the 
same B matrix with the active area but L=0. 

4. Simulation result 

The following FEM modeling and simulation is 
realized by commercial software COMSOL. Post 
matrix operation is implemented in MATLAB via 
LiveLink from COMSOL. 

The solved B matrix of the whole model is 
obtained after 11 times cascading operations 
excluding cascading for the damping areas (method 
1). We also directly modeled and solved the whole 

model in COMSOL (method 2) for comparison. 
Because it is impossible to setup an infinite-length 
damping region in method 2. The damping area is 
shortened with a higher loss factor, which would 
somewhat worse the absorption effect. Two 
simulations were performed using the identical PC 
(CPU i7-5820K, 3.3 GHz, 128 GB RAM). 

Fig.4 shows the calculated amplitudes of 
out-of-plane vibration at the top surface in the 
passive area 2. Any differences are hardly seen 
between two results. Even it exists, it is hard to 
judge which method is more correct. 

 

Fig.4 Calculated out-of-plane displacement 

Table I shows amplitudes of reflected Lamb 
waves normalized by that of the incident S1- mode. 
The differences are very tiny (0.2 dB maximum) 

Table I. Amplitude of reflected Lamb modes 
(dB) S1- S1+ S0 A1 A0 

Method 1 -3.81 -36.64 -23.47 -42.6 -35.9 
Method 2 -3.83 -36.58 -23.47 -42.4 -36.0 

For each frequency point, 0.9 and 15 seconds were 
spent for methods 1 and 2, respectively. It is worth 
to notice that the time consumption for the damping 
areas is not included in this calculation. Net 
difference of the calculation time is much larger.  

It proves that the hierarchical cascading method is 
quite effective for the analysis of BAW devices 
using TWESs. 
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