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Abstract

Surface acoustic wave (SAW) resonators are widely employed to design radio-frequency
(RF) filters in wireless communication. To adapt to various application scenarios, the article
proposes an equivalent circuit model based on the Butterworth—Van Dyke (BVD) model
for SAW devices operating with spurious modes and at extreme ambient temperatures.
In cases where the resonance frequencies of the spurious modes are close to those of the
main mode, isolation capacitances (IC) are proposed in the modeling process. With the IC,
the different resonance frequencies produced by the proposed equivalent circuit model
can be flexibly adjusted. The extreme temperature influence on the SAW resonators is
investigated using the proposed model. In the temperature-dependent test environment,
the performance of the SAW devices changes, and these changes are captured by the
proposed model. Especially for the resonators’ spurious-mode frequencies, which are
less influenced by temperature near room temperature unless extreme temperatures are
applied. The parameters motional resistance R;; and motional inductance L, are considered
temperature-dependent and are used to describe the influence of the ambient temperature.
The RF characteristics of the SAW devices are modeled with the proposed model and
verified with measurement data. The consistent results between the measured data and
simulated data indicate that the proposed model is accurate and the modeling work
is effective.

Keywords: admittance parameters; equivalent circuit model; filter; surface acoustic wave;
scattering parameter measurements; spurious modes; resonators; temperature

1. Introduction
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benefit is that the AWR device with spurious modes can be analyzed with the model, and
the AW filter can also be designed with this device model.

The performance of the AWR is significantly affected by thermal effects arising from
two primary sources: self-heating [10] induced by high input radio-frequency (RF) power
and ambient temperatures in the device’s operating environment. In typical cases, trans-
mitter filters are subjected to high power levels [14], where a portion of the applied power
is dissipated as heat, causing the filter to heat up. In turn, this temperature increase
changes the filter’s RF performance. Moreover, the self-heating may drastically reduce
device reliability. In another case of low-power applications, surface acoustic wave (SAW)
filters exhibit lower self-heating effects but require further study. They are still affected
by extreme ambient temperatures since they operate on the principle of electromechan-
ical transduction. When RF Power is applied, the transducer at the input terminal (e.g.,
interdigitated electrodes) converts the RF signal into mechanical vibrations that propagate
through the piezoelectric material. In turn, the transducer at the output terminal reconverts
these acoustic waves back into an RF signal [16]. The process is significantly affected
by ambient temperature, and the temperature coefficient of frequency (TCF) is typically
used to characterize this influence. The parameters are widely investigated [18-22] and
used to quantify the frequency drift of SAW filters with temperature variations, typically
expressed in ppm/°C. Most materials become softer as temperature increases. Thus, the
filter passbands of RF AW devices shift downward as temperature rises [10], indicating a
negative TCF. To mitigate this adverse effect and enhance thermal stability, engineering
strategies such as incorporating a temperature-compensation layer [14] or adopting com-
posite substrate structures are commonly implemented to counteract the inherent negative
TCF [10] and achieve a near-zero overall frequency drift over a wide operational temper-
ature range [18]. It is usually called TC-SAW, in which the device designs incorporate
SiO; compensation layers to reduce TCF and ensure stable filter performance across wide
temperature ranges [17]. Based on the above, a non-monotonic change in the resonance
frequency of the SAW resonators is observed [23], as shown in the following paper. Given
that the resonators may exhibit spurious modes [10], the effect of extreme temperatures on
the SAW device with spurious modes needs to be studied.

In response to this challenge, various methodologies have been developed over recent
years to enable AW filter and multiplexer designers to evaluate and optimize SAW devices
under diverse conditions. For the modeling approaches of the SAW devices, a lot of work
with the Finite Element Method (FEM) has been reported [24-26], which is employed to
investigate the resonator’s performance, such as the electromechanical coupling factor
(k?), Q-factor, and spurious modes [10]. Moreover, the 3-D FEM simulation method has
been employed to obtain accurate results [14,15,27-30]. However, the thermal 3D FEM
method is not suitable for SAW filter circuit designs due to its long computation time. For
SAW devices, the P-matrix approach and the coupling-of-modes (COM) model have been
established as the predominant modeling tools, providing fast and accurate simulations
when spurious modes are well suppressed [10]. In the end, these models seem time-
consuming to implement filter designs in software such as Advanced Design System (ADS)
and Simulation Program with Integrated Circuit Emphasis (SPICE).

Due to the transducer structures and the distributed-parameter nature of these SAW
devices, it is necessary to improve the efficiency of filter designs by integrating fabricated
SAW devices into external passive networks or active RF front-end circuits. In the following,
the equivalent circuit model (ECM) and its related behavioral model [16,23,31-33], based
on lumped elements, offer a more practical alternative for circuit designs. Among these, the
Butterworth—Van Dyke (BVD) model and its modified variants (MBVD) have emerged as
the industry-standard model for describing the electrical behavior of SAW resonators. By
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representing the resonator as a parallel combination of a static capacitance and a series RLC
branch, the BVD model not only captures the primary resonance characteristics but also
integrates seamlessly with standard circuit simulators (e.g., ADS) for RF circuit designs.
For the thermal influence on the SAW devices, the electro-thermal ECMs of SAW devices
are provided [14,16,17,23,34]. In [14,17], the implementation of a temperature-dependent
inductance, L;;(T), in the MBVD model is proposed to account for the shift in the frequency
response due to TCEF. In [16,23,33], the temperature-dependent L, (T), C,(T), R;(T), and
Co(T) are investigated to model the SAW device under temperature influence.

In the article, unlike the previous excellent studies, the SAW resonators with spurious
modes are investigated using the proposed model based on the BVD model and evaluated
under temperature-dependent conditions. The proposed work is very useful for SAW
devices and their SAW-based filters for use in extreme-temperature environments. The rest
of the article is organized as follows. Section 2 describes the proposed modeling, which
includes the proposed model and the influence of temperature on the model parameters. In
Section 3, the proposed model of the SAW resonators is verified against the measurement
data, and the discussion is also presented there. In the end, Section 4 concludes the paper.

2. Modeling of the Acoustic Surface Wave Resonators
2.1. Proposed Equivalent Circuit Model of the Acoustic Wave Resonators

To analyze the resonator performance of AWRs, many device models have been
investigated [10]. Due to BVD’s simple structure and ease of parameter extraction, the BVD
model has been widely investigated by researchers and is also included in the filter design
software. Figure la shows the equivalent circuit model employed for SAW resonators
without spurious modes.

(a) (b)
Figure 1. (a) Equivalent circuit model; (b) Commercial SAW resonator investigated.

The model is composed of two parallel branches: one branch consists of the motional
resistance Ry, the motional inductance L, and the motional capacitance C,,, and the other
branch consists of the parallel capacitance Cy. The commercial SAW resonator is shown in
Figure 1b, and the parameter values in its datasheet are given in Table 1. These parameter
values are used to compare with the extracted parameters obtained using the traditional
extraction method, which is based on an optimization process and the measurement
data. The device studied in this work is an SMD-packaged SAW resonator produced
by TAI-SAW (Taoyuan 324, Taiwan). Its manufacturer code is TC0528A, and its size is
3mm x 3 mm x 1.4 mm. Its typical center frequency is 1000 MHz. The circuit in Figure 1a
can be regarded as a two-port network when considering that it has a common ground.
Thus, SAW devices are characterized by the admittance parameters, which represent the
ratio of the port current and voltage of the SAW device. They have been widely employed
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to determine the resonator properties [10,23]. The Y;; parameter is the current divided
by the voltage of port 1 when port 2 is short-circuited. The Yy, parameter is the current
divided by the voltage of port 2 when port 1 is short-circuited. The Y; parameter is the
current at port 2 divided by the voltage at port 1 when port 2 is short-circuited. For this
two-port network, the equivalent circuit consists only of a series path between the two
ports. The input and output currents are equal in magnitude and opposite in direction.
Therefore, the transfer admittances Y1 = Y12 = —Y11. The measured Y-parameter of the
commercial SAW resonator is employed and shown in Figure 2a as the blue line. It includes
three modes, a main mode and two spurious modes. The measured resonance frequency
fs of the commercial SAW resonator is 999.84 MHz, and the anti-resonance frequency f,
is 1000.47 MHz, which strictly conforms to the rule that zeros and poles alternate on the
positive frequency axis. Based on the parameters of the model, the admittance can be
calculated using traditional expressions. The starting values can be determined with the
following expressions: Co = Co1 X ((fy/fs)*> — 1), Lm = 1/((27f;)*Cm). The parameters of Cpy
and R, are empirical and can be obtained with the optimization process. The calculated
Y-parameter results are given in Expression (1). In the end, the extracted values of these
parameters are provided in Table 1.

-1

-1
1
Yo = | R + | jwCo + - (1)
21 s (] jwLy + ]‘Tlcm + Rm)

where w is the angular frequency.

Table 1. Parameters in the ECM of the commercial SAW resonator.

Description Rm (Ohm) Rs (Ohm) Lm (uH) Cm (fF) Co (pF)
From
Datasheet 10.7 Na 15.3 1.66 2.75
Extracted 7.6 2.1 13.241 1.9127 1.948
-20 L] L] L] L] 1 L] L] L] C
[ el
Js 1l
25 F - O—AAN )
30} - R,
35 - o= Rpno(T)  Lino(T)  Cmo
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(a) (b)

Figure 2. (a) Fitting of the Y parameters of the resonators; (b) Proposed model with spurious response
based on the BVD model.
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The extracted parameter values and those provided by the supplier show some incon-
sistencies in Table 1. This may be due to the fitting results, as the simulation with 1 mode
contains only the main mode in Figure 2a and neglects the spurious modes. The error occurs
near the spurious mode frequency, where it accumulates and induces inconsistencies when
optimized with minimum variance. To obtain more accurate fitting results, the spurious
modes need to be carefully addressed. More parameters are considered when building the
ECM of the SAW device with spurious mode responses. Those added parameters aim to
produce more resonant frequencies with more branches. Therefore, the proposed model
is shown in Figure 2b, which accounts for the spurious modes in Figure 2a. Based on the
interest frequency bands, the main model with two spurious modes of larger amplitude is
identified. To reduce the influence of each resonance frequency produced by the lumped
elements, two isolation capacitances (ICs) Cs; and Csp are proposed. The isolation capac-
itances are introduced to decouple the motional branches associated with the spurious
modes from the main resonance, thereby preventing mutual interference between closely
spaced resonant modes. Thus, three subcircuits for describing the resonances are shown in
Figure 2b. With the proposed model with spurious modes and root-mean-square fitting
methods [5,35,36], the accuracy results are shown in Figure 2a as the red line. According to
the equivalent circuits in Figure 2a, the resonance frequencies can be obtained using the
motional inductance L;, and the motional capacitance Cy, [23]; they are given by Expression
(2). The resonance frequency of the main mode can be obtained when i = 0. The resonance
frequencies of spurious modes 1 and 2 can be obtained when i = 1 and 7 = 2, respectively.
All parameter values are shown in Table 2. The value of R is 2.1 Q).

1

fSi - 27‘[\/ LmiCmi ’

i=0,1,2, 2)

Table 2. Parameters in the ECM of the commercial SAW resonator with spurious response.

Mode Co (pP) Ry (Ohm) Lm (uH) Cm ({F) f; (MHz)
0 1.198 7.6 13.241 1.9127 1000.084
1 23 6.01 13.2486 1.9076 1001.132
2 0.8 3.71 13.1948 1.908 1003.066

Every subcircuit in Figure 2b consists of the motional resistance R,;, motional in-
ductance L;;, and motional capacitance C;, and the other branch consists of the parallel
capacitance Cp. Unlike the reported papers [14,16,23,33,34], the two capacitances Cs; and
Csp are proposed to reduce the mutual influence between the subcircuits. Their values are
1 pF and 0.42 pF, and their benefits are shown in Figures 3 and 4.

Based on the results in Figure 3 obtained using the proposed model in Figure 2b, the
main mode is hardly affected by changes in Cy1, Ryu1, L1, and Cyq. Typically, the simulated
spurious mode 1’s resonance amplitudes are mutually affected when the frequencies of
the spurious mode and main mode are close. It differs from the practical characteristics of
SAW resonators, which are indicated based on the measurement data in Figure 2a. With
the proposed model using the capacitance Cs1, the sharp resonance peak and the resonance
amplitudes of the main mode are less influenced and can be described with the ECM. It is
interesting and very useful, since the main mode is inevitably influenced when parameter
values are changed in spurious modes, especially when the spurious mode frequencies and
the main mode frequency are close. Both of them are near 1000 MHz. Sometimes it may
be impossible to model the electrical performance of the SAWs when their frequencies are
adjacent to each other, as shown in Figure 3. Only the parameter Cy; has a slight effect on
the main mode in the frequency band from 990 MHz to 998 MHz in Figure 3a. Its values
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range from 1.3 to 3.3 pF in 0.5 pF steps. Also, it has an influence on the spurious mode 2.
Different from the parameter Cy;, the parameters R;;1, L1, and Cy,1 barely affect the main
mode but only impact the spurious mode 1 within the same frequency band. Also, they
have little influence on the spurious mode 2. In Figure 3b—d, the values of the parameters
Rwu1, Liy1, and Cpyp are provided. For the influence of the IC Cg;, the analysis is proposed

as follows.
-20 —————T—T -20 ————————T—1—
25F g 25k 4
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=0T | 30F Step: 3 Q |
~-35F : 35t 1
— —
o o
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(c)

Frequency(MHz)

(d)

Figure 3. Main mode influenced by the parameters: (a) Cp1; (b) Rp1; (€) Lni; (d) Cpy in the pro-
posed model.

As shown in Figure 4, the main mode is hardly affected by changes in Cgy, Ryu2, L2,
and Cy;», obtained with the proposed model in Figure 2b. Similarly, spurious mode 1 is
unaffected by the parameters. The analysis is similar to that in Figure 3. It again indicates
that the proposed model can be flexibly employed to describe the RF performance of SAWs
that contain spurious modes. The frequencies of those modes are very close. In the same
case, the main mode and spurious mode 1 are inevitably influenced when parameter values
of Co2, Rma, Lz, and Cyyp are changed. Different from the results shown in Figure 3a,
the parameter Cp, has scarcely any effect on the main mode in the frequency band from
990 MHz to 998 MHz in Figure 4a. Its values range from 1.2 to 0.2 pF in —0.2 pF steps. In
addition, it has hardly any influence on the spurious mode 1. As with parameter Cy, the
parameters Ry2, L2, and Cy;p have little effect on the main mode and spurious mode 1
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within the same frequency band. In Figure 4b-d, the values of the parameters R;;2, Ly2,
and C,;p are provided.

-20 T T T T T T T T ‘20 T T T T T T T T
25¢ . 25 F E
30 Cy=12-0.4 pF, T 30 R,,=1.71-5.71 Q, 1
sk Step: -0.2 pF 35} Step: 1 Q
S — S
> 40 | > -40 |
=) =]
= st = st
50 b -50 F
55 ¢ S5F
_60 L 1 L L 1 1 1 [l _60 1 1 1 L 1 L 1 L
990 992 994 996 998 1000 1002 1004 1006 1008 990 992 994 996 998 1000 1002 1004 1006 1008
Frequency(MHz) Frequency(MHz)
(a) (b)
'20 L] ] 1 T 1 T T T '20 T T T T T T T T
25 F - 25 ¢ .
30 F . 30 F .
~-35F - 35} .
o —
= 4o} = 40
& [ Ly,p=13.2148-13.1748 pH = [ Cpp=1.912-1.904 fF,
= 451 Step:-0.01 pH = 45t Step: -0.02 fF
50 F -50 F
55 F S5 F
_60 '} 1 L 1 1 1 1 1 - 1 L L 1 1 1 1 1

990 992 994 996 998 1000 1002 1004 1006 1008

Frequency(MHz)

990 992 994 996 998 1000 1002 1004 1006 1008
Frequency(MHz)

(c) (d)

Figure 4. Main mode and spurious mode 1 influenced by the parameters: (a) Cpp; (b) Rmz; (€) Lmp;
(d) Cpnp in the proposed model.

2.2. Influence of the Temperature on the Parameters of the Acoustic Wave Resonators

For the investigated commercial SAW resonator in Figure 1b, the production datasheet
shows that it has a negative temperature coefficient (TCF), and the value of its second-order
temperature coefficient of frequency (TCF,) is —0.05 ppm/°C2. The TCF represents the
temperature-dependent frequency drift, which is a critical performance-limiting factor
for SAW resonators. In contrast, the temperature effects are deliberately exploited in
thermoelectric sensors [37,38]. As described above, this drift is predominantly governed
by the negative TCF intrinsic to the piezoelectric substrates in practical applications [10].
This pronounced frequency-temperature dependence poses a significant challenge for
high-precision filter design and stable oscillator applications. The exceedingly low TCF,
exhibits outstanding linearity over the temperature range investigated. Such a linear
characteristic is critical for practical RF filter applications, as it enables straightforward,
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accurate frequency compensation via a linear correction algorithm, thereby significantly
simplifying the temperature-drift calibration process.

The good frequency-temperature performance is well-suited to the design of an RF
filter. However, it is still unsuitable to implement the RF filter with an equivalent cir-
cuit model (ECM) for extreme operating environments. The parameters in the ECM are
usually temperature-independent, as evidenced by the temperature-dependent resonance
frequency and Expression (2). Thus, it is difficult to design an RF circuit with the ECM
to employ in extreme temperature environments. To implement the device model in the
design of an REF filter under different ambient temperature conditions, the influence of
temperature on the parameters of the acoustic resonator model is investigated.

The temperature-dependent RF measurements [35] are conducted to evaluate the tem-
perature effect on the RF performance of the SAW device. The influence of temperature on
the parameters of the ECM is first investigated. The temperature-dependent environmental
test chamber is used in combination with the Vector Network Analyzer (Keysight E5071C,
Keysight, Santa Rosa, CA, USA). The measurement setup is shown in Figure 5.

VA-REE

’ s

HMiniCool 483 %%E

High-low temperature
test chamber

Vector Networ
Analyzer

e ]|

00000000

DUT

i

Figure 5. Experimental scenario of the influence of temperature on the SAW resonator.

According to Section 2.1, various parameters of the proposed model can be extracted.
The values under extreme ambient environments are extracted in similar ways, which
ensures building a proposed model under temperature-dependent conditions. This is
because the extraction of the parameters of the model is based on an optimization process.
Under different temperatures, the influence of temperature on the parameters of the acoustic
resonators is considered. The test temperatures contain —55 °C, —35 °C, —15 °C, 5 °C,
25°C, =55 °C, and 85 °C. According to Expression (2), the temperature dependence of the
resonant frequencies is shown in Figure 6.

The measurement results show that the temperature dependence of the resonant
frequency is non-monotonic with the temperature increase from —55 °C to 85 °C. All
the resonant frequencies have a similar trend, which is that the resonant frequency first
increases and then decreases over the full measurement ambient temperature range. A
similar case can be found in the reference [23]. The ranges of the y-axis are the same,
which is equal to 0.25 MHz. Thus, it can analyze the change in the resonant frequencies of
different Modes with the temperature-dependent parameters. When comparing the results
in Figure 6a,b, the spurious mode 1 has less variation than the main mode based on the
model. The change is larger when ambient temperatures deviate far from room temperature.
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What is more, the results shown in Figure 6¢ indicate that the resonant frequencies almost
do not change when the ambient temperature varies from —35 °C to 55 °C. It is shown that
spurious mode 2 is less influential, but massive changes in the resonant frequency occur
when the ambient temperature varies from —55 °C to 85 °C. This can be seen in Figure 6d.
The reason may be that the amplitude of the spurious modes is smaller than that of the
main mode, and the parameter values of the subcircuit for the spurious modes change
little. The temperature-dependent parameters are contained in the proposed model and are
shown in Figure 2b. They have the values at different temperatures in Figure 7.

1000.15 1001.25
—_~ —_~
= =
E 1000.10 E 1001.20
-’ -
> >
: :
5 1000.05 = 1001.15
= =
=2 =2
2 g
&= 1000.00 “= 1001.10
N N
= =
< <
g =
S 999.95 g 1001.05 A
5 o
& &
999.90 T T T 1001.00 T T T
=50 0 50 100 -50 0 50 100
Ambient Temperature (°C) Ambient Temperature (°C)
(a) (b)
1003.15
~ —20 1 A Under the temperatare I~
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S 1003.10+ |l of -55°Cand85°C T
N’ ! \\
>, =30+ \\‘E
o —~ ‘ : #
5 1003.05 —
N
= =~ —404 [ 55°C
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© =) -35°C
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g 25°C
% 1002.95 - 1 45°C
—60 65°C
= —— 85°C
1002.90 T T T T T T
-50 0 50 100 998 1000 1002 1004
Ambient Temperature (°C) Frequency (MHz)

(c) (d)

Figure 6. Temperature dependence of the resonant frequency. (a) main mode; (b) spurious mode 1;
(c) spurious mode 2; (d) measurement data at —55 °C, —35 °C, —15 °C, 5 °C, 25 °C, =55 °C, and
85 °C.

With the temperature-dependent parameters, the proposed model can accurately
describe the effect of ambient temperature on RF performance, which is significant in RF
SAW filter designs. The inductance parameters L;;o, Liy1, and Ly;» have some relationship
with the results in Figure 6, which is reasonable that the resonant frequencies are adjusted
with the inductance parameters. All inductance values show a similar trend: they first de-
crease, then increase over the full ambient temperature measurement range. The resistance
parameters R0, Rin1, and Ry» are monotonous with the increase in temperature, which
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is interesting. As described above, the extracted parameters of the proposed model at
different ambient temperatures are shown in Figure 7. All the values appear temperature-
dependent, although some of the values are almost constant with the change in the ambient
temperature. To obtain an SAW resonator model in the temperature-dependent range, the
modeling processes need to be carried out. The results are presented in Figure 7. The
calculation process for the temperature-dependent parameters in Figure 2b can be obtained
with the following Expressions (3) and (4).

Ryi(T) = e+ ReT+RaT?) i — 01,2, 3)

Lyi(T) = Lig + Ly T+ LipT?> + LisT® + Ly T*,i = 0,1,2, (4)

where T is the ambient temperature in K. Rj;, Rip, and Rj3 are the fitting parameters for the
resistance Ryi. Ljo, Li1, L2, Li3, and L4 are the fitting parameters for the inductance L,,;.
The parameter values in Expressions (3) and (4) are shown in Table 3.

104 = Extracted values / 132441 = Extracted values
Fitting Curve Fitting Curve
- 13243
S} Z
E 8- =
~ k)
13.242 1
6 - T T T T T T T T 13'241 - T T T T T T T T
220 240 260 280 300 320 340 360 220 240 260 280 300 320 340 360
Ambient temperature (K) Ambient temperature (K)
(a) (b)
= Extracted values 13.2500 = Extracted values
6.0 Fitting Curve Fitting Curve
58 13.24954
g z
% 561 =
o S
15,2490
5.4
13.2485
521 : v . T T T v r r r r r r T T
220 240 260 280 300 320 340 360 220 240 260 280 300 320 340 360
Ambient temperature (K) Ambient temperature (K)
(c) (d)
4.0
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3.9
_ =13.1974
S el
F F
381 =13.196 -
374 13.195
-
220 240 260 280 300 320 340 360 220 240 260 280 300 320 340 360
Ambient temperature (K) Ambient temperature (K)
(e) ®

Figure 7. Extracted temperature-dependent parameters in the proposed model and their fitting
results: (a) Rio; (b) Lmo; (€) Rn1; (d) Lin1; (€) Rinz; (£) Lo
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Table 3. Physical parameters in Expressions (3) and (4).

Parameters Values Parameters Values
Ro1 2.604 Rop —0.008
Ros 1.955 x 10~° Ry 1.042
Rip 0.006 Ri3 —1.195 x 105
Ry 1.792 Ry —0.0037
Ry 0.703 x 10> Loo 13.311
Lo —491 x 1074 Loy 5.1416 x 1077
Loz 2408 x 107° Los —4.143 x 10712
Lo 13.465 L —2.88 x 1073
Lip 1.448 x 107° Li3 —3.260 x 1078
Lia 2.782 x 10~ 11 Ly 14.435
Ly —0.0175 Ly 9.210 x 10>
Ly —2.15 x 1077 Ly 1.876 x 10710

3. Results and Discussion

The temperature-dependent model for the SAW resonator is verified with temperature-
dependent testing. The temperature range is from —55 °C to 85 °C. The DUT is measured
after the chamber temperature has stabilized for 180s. The Y-parameters are obtained at
each temperature set point using the VNA and the proposed model. For the modeling
verification, the temperature-dependent parameters in Section 2.2 of the proposed model
are employed, which are implemented in the equivalent circuits and simulated using
the ADS software in order to obtain the Y-parameters of the proposed model for each
measurement temperature. With the simulation results and the measurement results, the
Y-parameter data of the SAW device are compared, which are shown in Figures 8-11. The
ambient temperatures —55 °C, —15 °C, 25 °C, and 85 °C are employed, which cover the
full range and can indicate that the model is accurate. The parameters Y51, Y11, and Yy, are
provided in Figures 8-11.

~20 ——Measured Data —204 |[——Measured Data
—— Modeled Data —— Modeled Data
-304 =304
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z o 40
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% ry—' g
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Figure 8. Comparison between measured and simulated Y-parameters of the SAW resonator at
—55°C: (a) Ya1; (b) Y115 () Y22
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Figure 11. Comparison between measured and simulated Y-parameters of the SAW resonator at
85 °C: (a) Ya1; (b) Y115 (¢) Y22

The results in Figure 8 show the verification under the ambient temperature of —55 °C,
which shows that the simulations are in very good agreement with the experimental
results. For the main mode and spurious mode 1, the comparison results indicate that the
proposed model can accurately describe the resonance frequency and its RF transmission
characteristics. There are some errors in the Y17 and Y, parameters, which can also be
found in the paper [23], and these parameters reflect the return loss. The error function
applied is defined as Expression (5). The fitting errors are 0.79%, 6.23%, and 6.23% for the
Yo1, Y11, and Yy, parameters, respectively.

l % ‘Ymea (i Ysim(i)|

)~ 5
NZ ™ [YiealD) ©)

& =

where Y, and Yy, are measured and simulated data, and N is the number of sam-
ple points.

For the Y-parameters, the validation of the model under the ambient temperatures of
—15°C, 25 °C, and 85 °C is proposed as follows:

As can be seen from Figures 9-11, the simulations are in good agreement with the
tested data, especially for the frequency near the resonance frequency of the main mode.
All the figures indicate that the proposed model is valid for all the temperatures, including
the extreme ambient temperature. For the test temperature of —15 °C, the fitting errors are
0.84%, 6.19%, and 6.14% for the Y51, Y11, and Yy, parameters, respectively. The fitting errors
for the measurement temperature of 25 °C are 0.84%, 5.78%, and 5.68% for the Y51, Y11, and
Yy, parameters, respectively. Finally, the fitting errors for the measurement temperature of
85 °C are 0.56%, 5.75%, and 5.70% for the Y51, Y11, and Yy, parameters, respectively. The

https:/ /doi.org/10.3390/mi17080893


https://doi.org/10.3390/mi17080893

Micromachines 2026, 17, 893 14 of 16

proposed results can describe the behavior of a two-port SAW resonator very well under
temperature-dependent conditions, which proves that the proposed modeling process of
the SAW device is good. The proposed model can be employed to design an RF filter in a
wireless communication system.

4. Conclusions

The equivalent circuit modeling process for a SAW resonator with spurious modes
under temperature-dependent conditions is proposed in this paper. Different from the
reported paper, the isolation capacitance is proposed in this paper to address the resonance
frequency of different modes, especially when their frequencies are very close. The SAW
devices are tested under temperature-dependent environments, which shows that the
resonance frequencies of the spurious mode are less influenced when the temperatures are
near room temperature, but are largely influenced by the extreme ambient temperatures.
It is investigated with the temperature-dependent parameters in the model, which are
proposed in the paper. In the end, the measurement data of the SAW resonators are modeled
with temperature-dependent parameters of the proposed model. The errors between the
measured and modeled data at all temperature ranges are less than 0.84%, 6.23%, and 6.23%
for the Y31, Y11, and Yyy parameters, respectively. This indicates that the model is accurate
and the modeling process is effective. The proposed work is important for SAW device
investigation and designing RF filters in wireless communication.
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