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considered. Admittance parameters were calculated from simulations of delay line employing
COMSOL software. Finally, obtained Y-parameters were converted into a full set of S-parameters.
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finite element method with automatic inclusion of second-order effects in the device. To
demonstrate the finite element method, the frequency response for 1.5 GHz SAW delay line with a
relative bandwidth of 7.46 % on 128° YX-cut LiNbO, are calculated. Input interdigital transducer
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simulation results are in good agreement with the experimental data.
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AHHoOTanusA. PaccMOTpeH YrCcIeHHBIN MPaKTUYECKU I TTOIX0 MOJIETMPOBAHUS TMHUY 3a1€PXK-
KU Ha MTOBEPXHOCTHBIX aKyCTUYEeCKUX BojiHax. [TokazaH MpUHIIUIT paboThI Mpeodpa3oBarteseil ¢
pacIIeIUIeHHBIMU 3JIEKTpoAaMM Ha TapMoHMKaX. [IpuBeneHBl TTpaKTHIeCKe PEKOMEHIALINN U
anropuTM pacudeta mist moaeaupoBaHus B makere COMSOL Multiphysics. XapakTepUCTUKHU aji-
MUTTaHCa pacCUMTaHbl M3 MOIEIUPOBAHUS JIMHUU 3aAePKKM Ha TIOBEPXHOCTHBIX aKyCTUUECKUX
BOJIHAX C TMOMOIILBLIO MeTola KOHeuHbIX 37eMeHToB B COMSOL. B pesynbrarte pacueta mosy-
YeHHbIe Y-TapaMeTpbl Tpeodpa3oBaHbl K MOJHOMY Habopy S-mapaMeTpoB. PaccMatpuBaemblii
YUCJIEHHBII MOIX0A Ha OCHOBE METO/Ia KOHEUHBIX 3JIEMEHTOB Jae€T BO3MOXHOCTb PacCUUTaTh
JIMHUIO 3a7¢PKKU Ha TOBEPXHOCTHBIX aKYCTUUECKUX BOJTHAX C YIETOM «BTOPUUHBIX 3P PEKTOB».
IIpencTaBaeHbI pe3yabTaThl pacuyeTa aMIUIUTYIHO-YaCTOTHOI XapaKTepUCTUKY JTUHUU 3a1epK-
KU C OTHOCUTEJIbHOI moyiocoii mpoiryckanus 7,46 % mus vacrotel 1,5 I'Tip Ha momioxke 128°
YX-cpe3a Huobara auTusi. BXomHO# BCTpeuHO-IITHIPEBOI Tpeodpa3oBaTeb paboTaeT Ha OC-
HOBHOIf TapMOHUKeE, BBIXOJIHOU TTpeoOpa3oBaTesib — Ha TPeTheil rapMOHUKe. Pe3ynbraThl Moje-
JINPOBAHMUS XOPOIIO COTJIACYIOTCS C AKCIIEPUMEHTATbHBIMU TaHHBIMU.

KmoueBble cjI0Ba: MOBEPXHOCTHBIE aKyCTUYECKKE BOJIHBI, TUHUS 3aaepXKu Ha [TAB, uyncieHHbI
TOJIXO/I, METOJl KOHEUHBIX 3JIEMEHTOB, HUO0AT JIMTHUS,, ITh303JICKTPUIECKAsT TTOUTOXKKA
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Introduction

Currently, surface acoustic wave (SAW) devices (filters, delay lines (DL), resonators, etc.) are used
in various radio engineering systems. So, SAW filters [1, 2] are key elements of modern communication
systems and radio equipment. SAW tag and wireless sensors [3, 4] solve the problems of identifying and
measuring the parameters of the ambient environment for various applications from individual autono-
mous sensors to industrial automation systemes.

In recent years, there has been growing interest in the use of SAW devices at gigahertz frequencies.
It is known that the interdigital transducer (IDT) can operate not only at fundamental, but at harmonic
frequencies [5—8]. Moreover, the intensity of their excitation depends on the metallization coefficient
(the ratio of the electrode width a to the pitch of the IDT electrodes p: a/p), the thickness of the metal-
lization, the shape of the electrode and the type of transducer. An analysis of higher-order harmonics
from the metallization ratio for Rayleigh waves is investigated in [5]. Propagation and resonant prop-
erties of harmonics of leaky SAW are presented in [9]. The characteristics of non-linear harmonic bulk
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acoustic wave (BAW) mode generation in SAW devices have been learned and presented in [10, 11].
Experimental and theoretical studies of harmonic operation for various classes of SAW devices are pre-
sented in [12—16], for example, two-port resonators [12], filters [13], tags [14], sensors [15], devices
with temperature compensation SAW [16].

This approach based on higher-order harmonics makes it possible to manufacture SAW devices op-
erating at frequencies above 2.5 GHz without the use of submicron lithography methods. But it is worth
noting a number of disadvantages inherent in harmonics:

1) high insertion loss with increasing frequency;

2) presence of a spectrum of bulk acoustic waves that are excited in the same frequency range;

3) presence of unwanted harmonics that can be excited simultaneously.

Generally, designers and users would like the SAW devices to operate on one selected harmonic while
suppressing other unwanted harmonics.

Designing SAW devices is a complicated technical problem, because there are complex acoustic
relationships between the element of the topology, the resonant behavior of the acoustic processes, the
high sensitivity of the electrical parameters to the geometry of the elements, and also all this depends on
the parameters of the acoustic waves and the piezoelectric material. To calculate LC-filters and filters
based on LC-prototypes, there is specialized software, such as AWR Microwave Office, HFSS, ADS,
CST Studio Suite. Methods for synthesizing LC-filters are fairly well known. There are no unified ap-
proaches and programs for calculating SAW devices; each developer uses different modeling approaches
and their own software. The only more or less unified approach can be called the approach based on the
finite element method (FEM). In addition, the problem of using frequency harmonics deserves special
attention. Since the SAW devices mainly operate on the fundamental harmonic, the technological limit
of operation is limited to a value of the order of 2.5...3 GHz. The use of frequency harmonics potentially
allows operation in a higher frequency range.

Today the most popular software for numerical modeling of SAW/BAW devices are COMSOL and
ANSYS. These software products have proven to be a powerful tool for analyzing wave acoustic process-
es in piezoelectric crystals and for SAW/BAW devices calculations [17—21].

The aim of the work is to show the state of the art and the main features of the calculation of the
SAW DL using the third harmonic based on the finite element method in the COMSOL. As a sample,
on the basis of which the results of calculation and experiment will be compared, the design of a DL on
a substrate of a 128° YX-cut of lithium niobate was chosen.

SAW delay line model

Fig. 1a shows a typical SAW delay line (DL) topology, which consists of an input and output IDT
located on a piezoelectric substrate. The DL is represented as a two-port device in the system of Y-pa-
rameters (Fig. 1b).

Input IDT Output IDT L L
s -
— o
o l [v] l o
@ L
- - 1) Uy=1,1h=0 ) Yu=1/U, Yn=I/U;
Piezoelectric substrate 2) Uy=0, Up=1 2) Yr=DI/U, Yi=0/U;

Fig. 1. SAW delay line: a — typical topology; b — the device in the system of Y-parameters
and the principle of switching electrical ports for finding Y-parameters
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Fig. 2. Geometry in COMSOL

To model this device in the COMSOL, it is necessary to accurately outline the geometry of the SAW
DL. Fig. 2 shows the DL geometry and its main parameters. A 128° YX-cut of lithium niobate was chosen
as the piezoelectric substrate. The operating wavelength is A = 2.6 um, which corresponds to a frequency
of about 1.5 GHz. The considered delay is about 100 ns, so the distance between the IDTs is about 150 A.

The principle of operation of the device at frequency harmonics

Fig. 3 shows the results of calculating admittance parameters by FEM for various types of trans-
ducers. At Fig. 3a one you observe the admittance of the split transducer with electrodes A/8 (A =
= 2.6 um) with the number of periods N = 6. It is clearly seen that, in addition to the fundamental
mode at a frequency of 1.5 GHz, there is a third harmonic at a frequency of about 4.5 GHz. Besides,
you can see that, in addition to the 3™ harmonic, there is a fairly strong BAW radiation. Fig. 35 shows
the admittance parameters of the transducer with electrodes A/4 and the transducer with split electrodes
3A/8. It can be seen that the fundamental mode for the IDT with A/4 corresponds to a frequency of
1.5 GHz, while for the IDT with split electrodes, the fundamental mode is now at a frequency of
0.5 GHz, and the 3 harmonic is located at a frequency of 1.5 GHz. Using this combination of IDTs as

the input and output IDTs for the SAW DL, we calculate the complete set of Y-parameters for the DL
as a whole.
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Fig. 3. Principle of operation of the IDT at harmonics: ¢ — fundamental and 3" harmonic of the IDT

with split electrodes (width of electrodes A/8); b — fundamental and 3™ harmonic excitation for IDT
with split electrodes (electrode width 3A/8) and only fundamental for IDT with A/4 electrodes
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Calculation algorithm in COMSOL

In contrast to the one-dimensional consideration of the problem in such analytical and phenomeno-
logical approaches as the model “coupling of modes” (COM) [22] and the equivalent circuit model [23],
finite element modeling allows one to obtain the necessary parameters and characteristics in three dimen-
sions, including exactly obtain information on the scattering of the wave into the depth of the substrate.
Moreover, the developer receives information about all excited acoustic modes in a specific topology and
material, in contrast to COM and equivalent circuit model, where the classical approach involves the
calculation of the main acoustic mode. In essence, such simulation will be the most accurate in terms of
describing all acoustic processes. By optimizing and simplifying the model, we consider several conditions:

1. The transducer should not have apodization (amplitude weighing).

2. The wave propagating from the transducer has a flat front. This assumption is possible with an
IDT aperture of more than 15 wavelengths; in this case, the waveguide effect can be neglected [24].

3. If distance between adjacent blocks (IDT) is insignificant, diffraction can also be ignored [25].

4. Solution obtained in a small area of the aperture will be extended to an entire transducer with an
accuracy up to an aperture factor.

5. We neglect the influence of bus bars.

It is clear that these conditions significantly narrow the range of analyzed topologies of SAW devic-
es, but at the same time they are suitable for the class of SAW DL. The ultimate goal of the calculation
is to find a set of parameters that completely describe the device. Such parameters can be Z-, Y- or
S-parameters of a device. Using the FEM, it is convenient to calculate a set of Y-parameters, and using
already known formulas, go to a set of S-parameters [26]. The DL is represented as a two-port device in
the system of Y-parameters (Fig. 15). Current / , and voltage U , act on the input electrical port 1 of the
DL, current I2 and voltage U2 are formed on the output electrical port 2. Thus, it is necessary to find the
dependencies in the frequency domain of a set of Y-parameters (Y,, Y ,, Y,,, Y,,). Since SAW DL be-
longs to the class of linear passive circuits, it is necessary to find at least three independent components,
because (Y ,=Y,)).

The main purpose of the simulation is to calculate the SAW DL with characteristics that meet certain
technical requirements. The main steps of the calculation algorithm using the COMSOL Multiphysics
simulation layout are displayed in a block diagram (Fig. 4), which breaks one large task into several stag-
es or steps that succinctly characterize the described approach.

Step 1. Preliminary preparation of the model in COMSOL. Choice of model dimension and physical
partition or interface. It is necessary to choose the right one from the available set of physical interfaces
that allow you to simulate the necessary physical phenomena quickly; in our case, this is the piezoelec-
tric effect. Select “Piezoelectric Devices”.

Step 2. Analysis of the technical requirements for the device. The analysis allows you to set the main
restrictions on the dimensions of the structure and restrictions on materials, taking into account tem-
perature deviations.

Step 3. Selecting the device geometry. At this stage, based on the formulated technical requirements, it
is necessary to determine the type of device geometry, the profile of the electrodes, and the thickness and
metallization coefficient of the electrodes. In some cases, it is also necessary to determine the material of
the underlayer and its thickness.

Step 4. Drawing the geometry (topology) of the device.

Step 5. Choice of electrode materials. Selection from the library or input of constants for metal elec-
trodes: Young’s modulus, Poisson’s ratio, density.

Step 6. Choice of substrate materials. To describe piezoelectric substrates, we need matrices of elastic
coefficients, piezoelectric constants, dielectric constants, and density. They can be taken either from the
available library, or manually entered from well-known sources, for example [27]. The required Euler an-
gles are given in [25].
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Fig. 5. Example of a display for a fragment of the delay line geometry:
a — grid; b — mechanical displacement

Step 7. Setting of boundary conditions and initial conditions. It is necessary to specify the conditions
of the free surface from above and the periodic boundary conditions for the aperture. Boundary condi-
tions are divided into mechanical and electrical.

Step 8. Setting up electrical ports. To calculate Y”, sz you must set the state of the electrical ports
U=1U,=0,tocalculate Y,,, Y , - U,=1,U =0.

Step 9. Building the mesh. It is necessary to form a grid, that is to break the model into finite ele-
ments. In this paper, we will consider the ratio by the size of finite elements m = A/12 (Fig. 5a), where
m is the size of the side of the finite element, A is the wavelength. The division of the model into areas
is phenomenological in nature, therefore, depends on the available skills. Poor partitioning can lead
to inaccurate results. The region discretization procedure consists of specifying the number, size, and
shape of subregions, which are used to construct a discrete model of a real object. There is currently no
unified method for partitioning into finite elements, and the most effective partitioning method is the
experience and understanding of the physics of the described object.

Step 10. Selecting the type of analysis. In this case, we are interested in analysis in the frequency
domain. Let us move on to choosing the frequency analysis range and the number of frequency points.

Step 11. Calculation of Y-parameters. As a result of the calculation, we have a large set of solutions
in terms of the number of degrees of freedom (DOF) for each parameter (3 components of mechanical
displacement (Fig. 5b)) and potential taking into account the degree of finite element discretization.
Internal means, you can go to the device parameters of interest, in our case it is the admittance, for
example, these are the real and imaginary parts of the admittance. Ultimately, it is necessary to obtain a
complete set of Y-parameters.

Step 12. “Post-processing”. Transition from a set of Y-parameters to a set of S-parameters. A two-
port device is conveniently described not as a set of Y-parameters, but as elements of a scattering matrix
or S-parameters, since the performance characteristics of the device (for example, frequency response)
are described by similar characteristics. The physical meaning of S11 is the reflection coefficient at the
input, 821 is the complex transfer coefficient. Most often, S-parameters are determined in a path with a
characteristic impedance ZO = 50 Ohm.

Step 13. Display and analysis of the performance characteristics of the device (frequency response,
group delay, etc.) for compliance with technical requirements. The results of the calculated frequency
response are shown in Fig. 6a.
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Fig. 6. Frequency response: a — calculated without “parasitic” LC-elements;
b — calculated with “parasitic” LC-elements and experimental

Experiment

The manufactured SAW DL consisted of two transducers. The input is a bidirectional transducer with
A/4 electrodes, operating on the fundamental mode, the output is a split-electrode transducer with an
electrode width of 3A/8, operating at the 3™ harmonic. The delay line operates at 1.5 GHz. The device is
made on a 128° YX-cut lithium niobate. The input IDT consists of 6 pairs of electrodes. The output IDT
— 4. The absolute value of the metallization thickness is /=75 nm, the relative value is Hm/X =29%.
Fig. 7 shows a circuit with “parasitic” LC elements, the inclusion of which made it possible to compare
the theoretical and measured frequency responses shown in Fig. 6. The DL has a center frequency of
1.5 GHz and a bandwidth of 112 MHz or 7.46 % (for attenuation level of —3 dB). Insertion loss was
—22.2 dB. The results showed good agreement between numerical simulation and experiment.

Discussion

The practice of using the COMSOL for modeling SAW devices allows us to draw some conclusions.
The considered approach based on numerical analysis of FEM in the COMSOL Multiphysical modeling
may be required to design SAW devices, since it provides greater accuracy of calculations. The main dis-
advantage is accounting for a variety of parameters in 3D modeling of real full-aperture devices leads to
a dramatic increase in requirements for computing resources and an increase in analysis time. Therefore,
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Fig. 7. Scheme with “parasitic” LC elements

47



4Simulations of Computer, Telecommunications, Control and Social Systems >

this approach is more suitable for analyzing devices at the final stage of development, where we can replace
a real experiment with high-quality multiphysical modeling. In addition, there are combined approaches
that allow you to get results much faster and are used, as a rule, for preliminary evaluation of characteris-
tics at the synthesis stage and topology adjustments. A feature of calculations with combined approaches
is the need to find the model parameters beforehand. Within the framework of the combined approach,
the necessary parameters can be extracted from simple test cells [28] using FEM. This combined approach
includes the advantages of a fast analytical model with the accuracy obtained when calculating the entire
device only with FEM.

Some of the complexities and disadvantages inherent in the software in full 3D mode are compensated
by high calculation accuracy, as well as the ability to solve particular problems, for example, in truncated
models.

Conclusion

The paper showed the state of the art and the main features of the SAW DL simulation using the third
harmonic based on the FEM in the COMSOL Multiphysics. The calculated values of the set of Y-param-
eters made it possible to determine the S-parameters, for example, the frequency response. The results
obtained show a good agreement between the simulation and experimental results.

The difference in responses in the passband does not exceed 0.7 dB, in the stopband — 4 dB. The dif-
ferences of the calculated and experimental results can be due to more complex circuit the parasitic in-
ductances and capacitances of the connecting wires, contact buses, and housing, and also the presence of
wave diffraction in the real DL. The DL has a center frequency of 1.5 GHz and a bandwidth of 112 MHz
or 7.46 %, insertion loss —22.2 dB, stopband attenuation —20 dB. The use of the COMSOL Multiphysics
makes it possible to accurately evaluate the characteristics of the devices being developed without making
a physical prototype.
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