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Multiphysics Analysis and Simulation of Wireless
Passive Temperature and Pressure Sensors for
Harsh-Environment Applications
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Kang Wang, Wenxuan Tang

Abstract—Monitoring temperature and pressure in harsh envi-
ronments is vital for industrial applications. This study presents
a comprehensive multiphysics analysis and simulation of wireless
passive temperature and pressure sensors, providing a feasible
research framework for accurate simulation model development
tailored to these devices and applications. The analysis focuses
on evaluating the electromagnetic-thermal-mechanical coupling
effects and improving the accuracy of sensor modeling under
extreme environments. In particular, multiphysics simulations are
performed on a pressure sensor that incorporates structural de-
formations induced by thermal expansion and external pressure.
Comparison with available experimental data demonstrates sig-
nificantly enhanced accuracy compared with conventional simple
models, yielding a resonance frequency deviation of 0.32% (vs.
2.65%) and an error in the S;; parameter estimation of 13.15%
(vs. 101.92 %) relative to measurements. These findings underscore
the importance of accounting for multiphysics coupling in sensor
design and provide insights for performance optimization in harsh
environments.

Index Terms—Passive wireless sensors, metamaterial sensors,
multiphysics simulation, temperature sensor, pressure sensor,
harsh environments.

1. INTRODUCTION

IRELESS passive sensors for high-temperature and

high-pressure environment monitoring are essential to
aeronautics [1], automobiles [2] and industrial applications such
as gas turbines [3], [4]. In harsh environments, accurate monitor-
ing of temperature and pressure is essential for ensuring system
reliability and operational safety. Temperature measurement
helps prevent failures induced by excessive heat, while pressure
monitoring enables control of the air-fuel mixture to reduce
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engine stall risks and achieve optimal pressure ratios for max-
imum thermal efficiency during turbine operations [4]. Com-
pared with traditional wired or battery-powered sensors, wireless
passive sensors offer simpler configurations, higher reliability,
and lower maintenance costs in high-temperature environments.
Their capability for remote and real-time signal transmission
also makes them particularly suitable for monitoring extreme en-
vironmental conditions [5]. With advances in high-temperature-
resistant materials such as silicon carbide [6], polycrystalline
diamond, and polymer-derived ceramics (PDCs) [7], [8], [9],
sensor performance in extreme temperature, pressure, and vi-
bration conditions has been significantly improved. However,
these materials often exhibit variations in dielectric properties
with temperature or pressure [10], leading to strong coupling
among electromagnetic, thermal, and mechanical fields within
the sensor. Understanding and accurately modeling such multi-
physics interactions is therefore essential for optimizing sensor
design and ensuring reliable operation in harsh environments.
In recent years, progress in microwave technology has driven
extensive research on multiphysics modeling, leading to various
simulation approaches for complex coupled systems [11], [12],
[13], [14], [15], [16]. Typically, wireless passive sensors are an-
alyzed using electromagnetic (EM) models based on Maxwell’s
equations or equivalent circuit representations, where sensing
mechanisms rely on the resonant frequency shifts of the res-
onators induced by environmental parameter variations [17],
[18], [19], [20], [21], [22], [23]. For temperature sensors, EM
simulations commonly represent thermal effects by assigning
temperature-dependent dielectric properties to materials, al-
lowing evaluation of resonance or scattering responses under
varying conditions [24], [25]. For pressure sensors, structural
deformation is generally obtained from mechanical analyses
(e.g., thin-plate or large-deflection theory) [26] and then ap-
proximated in EM simulations by modifying relevant geomet-
ric parameters [27], [28], [29], [30], [31], [32]. Consequently,
most existing studies on microwave sensors in harsh environ-
ments treat electromagnetic, thermal, and mechanical domains
independently, lacking a unified multiphysics framework that
captures their coupled interactions in wireless passive sensor
modeling. Despite the computational advantages of simplified
EM models, intrinsic electromagnetic-thermal-mechanical cou-
plings remain insufficiently addressed, underscoring the need for
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rigorous evaluation and validation for specific sensor models and
operating conditions to ensure accurate simulation-experiment
consistency.

Building on existing multiphysics modeling and co-
simulation approaches [33], [34], [35], [36], [37], this study
develops EM-thermal-mechanical multiphysics models with ap-
propriate simplifications to balance computational efficiency
and accuracy, specifically for wireless passive temperature and
pressure sensors operating in harsh environments. The main
contributions are as follows: (1) An in-depth analysis of the
coupling mechanisms among EM, thermal, and mechanical
fields in high-temperature and high-pressure microwave sensor
systems is presented, establishing a unified and adaptable multi-
physics framework applicable to various coupling scenarios. (2)
The significance of multiphysics simulation over conventional
EM modeling is systematically evaluated, offering insights into
model optimization and error assessment for sensor design and
measurement. (3) An enhanced pressure sensor model is pro-
posed, incorporating structural deformations induced by ther-
mal expansion and external pressure, which markedly improves
simulation accuracy compared with the simple models.

The remainder of this paper is organized as follows. Section II
reviews the governing equations of the three physical fields and
corresponding boundary conditions in the sensor system, and
subsequently establishes the complete EM-thermal-mechanical
coupling model with constitutive relations. Section III presents
the multiphysics simulation of a spiral electromagnetic res-
onator, serving as a representative metamaterial-based tem-
perature sensor, to analyze coupling effects and assess their
significance. Section IV extends the analysis to a pressure sen-
sor with a sealed cavity and deformable diaphragms. Finally,
Section V concludes by summarizing the modeling framework
and simplification strategies for multiphysics sensor systems.

II. GOVERNING EQUATIONS AND COUPLED
EM-THERMAL-MECHANICAL MODEL OF SENSORS

To analyze the coupling between different physical fields,
it is essential to establish the governing equations for each
domain and define boundary conditions adapted to the device
structure and operating environment. The three fields are inter-
related through corresponding physical quantities in both the
governing equations and boundary conditions, as described in
Sections II-A, II-B, and II-C, and summarized in Section II-D.

A. Electromagnetic Analysis for Passive Wireless Sensors

The electromagnetic (EM) response of a wireless sensor,
characterized by its scattering parameters (S-parameters), is
governed by Maxwell’s equations in both the time and frequency
domains:

0B time—harmonic

VxE=-">" V x E = —jwB, (1)
oD ime—harmonic, e 3 .S
VxH:J+Et b VxH=J+juwD,

(2)

V-D-= p time—harmonic V. f) _ ﬁ, (3)

V.-B=0 time—harmonic v. B _ 07 (4)

where symbol with tilde (e.g., f), ﬁ, etc.) is phasor representa-
tion of a time-harmonic quantity (e.g. E(r,t) = Re[E(r)e’*?],
H(r,t) = Re[H(r)e/“*]), and w is the angular frequency of the
time-harmonic field.

To simulate a device’s scattering spectra accurately, three
essential factors must be considered: the incident field (i.e.,
source), material properties (i.e., constitutive parameters), and
structural configuration (i.e., boundary conditions). These elec-
tromagnetic characteristics (e.g., permittivity (7', P), perme-
ability u, conductivity o, and structural dimensions) are itera-
tively updated according to thermal and mechanical field distri-
butions in multiphysics simulation to reflect realistic operating
conditions.

B. Heat Conduction in Sensors

The governing equation (i.e., thermal conduction equation)
for transient thermal analysis is

or _
ot

and the corresponding steady-state conduction is

pep(T) V- (k(T)VT) = Q, )

V- (k(T)VT) = -Q, (©6)

where p denotes the density of the material, ¢, (T") the specific
heat coefficient (function of temperature), x(7") the thermal
conductivity (function of temperature), and ) the heat source.
Coupling the EM field with thermal field, the EM heating (i.e.,
dissipated electromagnetic power)

Qem = %Re (J . E*) (7)

is introduced into the heat source (), where J is the conduction
current. Considering that the model geometry changes (e.g., due
to structural deformation) when incorporating stress fields, an
additional term should be included in these equations:

or
Pep 5y +pepu- VT +V - (kVT) =Q

steadyzstate, e u- VT +V - (kVT) = Q (8)
where u (SI unit: m/s) is the velocity field defined by the
translational motion subnode (which is contained in the mesh
node of simulation). And the contribution pc,u - V1" describes
the effect of a moving coordinate system.

In sensor systems, the thermal boundary conditions are pri-
marily determined by the device and its surrounding environ-
ment. When the sensor is attached to a target surface, heat con-
ducts from the object through the sensor’s base and exchanges
with the environment via convection (between the device sur-
face and air) and radiation (from surrounding high-temperature
objects). These mechanisms define the convective boundary
conditions, i.e.,

—i - kVT = h (T — To) , 9)
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and radiative boundary conditions, i.e.,

1 kVT = eeoe (T — Ty,) (10)

for the thermal conduction equation, where h is the convective
heat transfer coefficient, €. refers to the emissivity of the medium
surface, o, = 5.68 x 1078 V\/'/m2 K* is the Stefan-Boltzmann
constant, Ty, refers to the surrounding temperature, and n
represents the normal unit vector relative to the device surface.
The left-hand side of these equations represents the normal heat
flux across the boundary, i.e., the temperature gradient scaled by
thermal conductivity. Accordingly, the heat transfer boundary
conditions at surfaces exposed to air or other external fluids can
be directly derived from (9) and (10) as

or _

—k(T) 5 =l (T = Tow) + ce(T)o (T* = Tyt,) . (11

The bottom surface of the device is in direct contact with
the measured object, enabling solid-to-solid heat conduction.
Consequently, the temperature at the device bottom satisfies the
Dirichlet boundary condition, i.e.,

T=T, 12)

where 7, denotes the temperature of the object to which the
sensor is attached. In another sensing scenario, when the sensor
is suspended in a fluid environment (e.g., air or liquid) rather
than attached to a solid surface, it measures the temperature of
the surrounding fluid. In this case, heat transfer occurs primar-
ily through convection, and the convective boundary condition
given in (11) is applied to all device surfaces.

Transient heat conduction analysis is primarily relevant for
high-power active devices. For the present passive sensor sys-
tem, the internal temperature distribution can be obtained by
solving the steady-state heat conduction equation (6), which is
analogous to Poisson’s equation in electrostatics, where heat
sources correspond to charges, temperature to potential, and
thermal conductivity to permittivity. Because heat conduction
occurs on a much slower time scale than electromagnetic oscil-
lations, the microwave heat source derived from EM simulations
is treated as a time-averaged quantity over the thermal time scale
At to solve the coupled EM-thermal governing equation.

C. Stress and Strain of Sensors
The deformation of a body per unit length or volume is
represented by the strain tensor, defined as

5= % (Vu+ (Vu)T) (13)

where u is the displacement vector field of each point on the
device surface relative to its initial position, i.e., u(r) = r — ro.
The tensor § is a second-order (3 x 3) strain tensor that contains
nine components in a three-dimensional coordinate system. The
three diagonal components correspond to the normal strains,
expressed as s;; = u/L, where L denotes the initial length. The
remaining six off-diagonal components represent shear strains,
calculated as [38]

Gio= —
*J 2 61‘1

8ui
8$j

} (i,j = x,y, z directions).  (14)

The elastic wave equation establishes the relationship among
the internal stress, structural deformation (i.e., boundary dis-
placement), and the applied external pressure, and can be ex-
pressed as:

2u u

p%? +7%t =V-a+f
where p is the density of the material, v is the damping coef-
ficient, f, is the external force generated by the environmental
air pressure, and & is the stress tensor which displays the
internal force per unit area of the material in all directions of
the coordinate system and can be expressed in matrix form for
an isotropic linear elastic solid as

15)

Oxx Taxy Taz
O = |Toy Oyy Tyz|> (16)
Txz Tyz Ozz

where the diagonal elements represent the normal stress com-
ponents and the off-diagonal elements correspond to the shear
stress components.

For the steady-state analysis, this wave equation reduces to:

V.o =Ff,. (17)

The equilibrium condition requires the stress tensor to be sym-
metric, i.e., 0;; = 0;, making it a rank-two symmetric tensor
with only six independent components.

The constitutive relationship between stress and strain in a
linear elastic material is given by

_ component - —_
——— 04 = Cijki - Sk

ag=C:3s (18)

where C denotes the rank-four elasticity tensor. For practical
computation, it is often expressed in Voigt notation as a 6 x 6
stiffness matrix that relates the stress and strain column vectors
(each of size 6 x 1) composed of their six independent compo-
nents.

The coupling between the mechanical governing equation
(18) and the electromagnetic field is described by the stress-
charge constitutive relations (or equivalently, the strain-charge
form) for piezoelectric materials:

Gij = CijkiSi — ég;-kEk (19a)

D, = €ijkSjk T EogijEj (19b)

where e denotes the piezoelectric coupling tensor and € is
the relative permittivity tensor. Piezoelectric materials exhibit
both the direct piezoelectric effect (generation of electric charge
under mechanical stress) and the inverse piezoelectric effect
(generation of mechanical stress under an applied electric field),
thereby establishing a bidirectional coupling between the me-
chanical and electromagnetic fields.

For thermal expansion effects induced by heat flow, the strain

terms in the constitutive relation (18) can be modified as
7ij = Cijrt - [Sr 4+ d(T)op (T — Trey)] (20)

where d(T) represents the coefficient of thermal expansion,
0y denotes the Dirac delta function, and 7).; refers to the
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reference temperature of the initial state. Therefore, the compre-
hensive analysis of EM-thermal-mechanical multiphysics model
of piezoelectric materials can be written as

5i; = Cijit [ + d(T)011 (T — Tret)] — i1 B
Dy =eiji [Bj1 + d(T)0j1 (T — Trer)| + 245 (T)E;

2D
(22)

where the thermal expansion term (20) is incorporated into
the stress—charge constitutive equations (19), and the dielectric
permittivity is temperature-dependent. For wireless passive sen-
sors, piezoelectric materials are rarely used as substrates, as the
electric charge generated by piezoelectric effects is significant
only under very low-frequency EM fields (e.g., electrostatic
fields).

For mechanical simulations in sensor systems, the boundary
conditions of the elastic wave equation are determined by the de-
vice’s placement, fixing method, and external forces. Typically,
we use the Fixed Constraint node to ensure zero displacement:

u=0 (23)

in all directions on the selected geometrical entities, effectively
fixing the device. For other non-fixed surfaces, Free nodes,
Boundary Load, and other boundary conditions are applied
based on the actual scenario.

D. Coupling Relationships in EM-Thermal-Mechanical
Multiphysics for Sensor System

Here, we synthesize the governing equations of the three
physical fields and their pairwise couplings, summarized as
follows.

¢ EM-thermal coupling

EM — thermal: the dissipated power of the electromag-
netic field (i.e., microwave heating in wireless sensor)
is introduced as a heat source term Q.,, in the thermal
conduction equation.

Thermal — EM: temperature variations induce changes
in the substrate permittivity £(7"), leading to shifts in the
sensor’s resonant frequencies.

e EM-mechanical coupling

EM — mechanical: application of an electric field induces
stress and strain in the piezoelectric material via the inverse
piezoelectric effect (i.e., electrostriction);

Mechanical — EM: for piezoelectric materials, mechanical
stress generates electric charge through the direct piezo-
electric effect; in addition, pressure-dependent permittivity
¢(P) and structural deformations alter the EM response.

e Thermal-mechanical coupling:

Thermal — mechanical: temperature changes produce
thermal stress and strain (i.e., thermal expansion or
contraction).

Mechanical — thermal: structural deformations intrinsi-
cally modify the spatial temperature distribution T'(7),
which reflects the altered geometry.

To quantitatively evaluate the coupling effects, the governing
equations and corresponding boundary conditions of the inter-
acting fields should be applied. For clarity, the field governing

Equation

T(r) (19)

Fig. 1. Coupling mechanics and equations of EM-thermal-mechanical multi-
physics model for sensor systems.

equations and the corresponding coupling principles are sum-
marized in Fig. 1. In theory, each pair of coupled fields involves
two one-way interactions that mutually influence each other and
evolve simultaneously. However, the characteristics of the sim-
ulation problem must be further analyzed to determine whether
these one-way interactions can be computed independently or
require iterative treatment.

III. SIMULATION OF TEMPERATURE SENSOR

A specific resonator is used as an example of a temperature
sensor to demonstrate the quantitative evaluation of coupling ef-
fects in the multiphysics model of a wireless passive sensor. The
simulation is conducted based on the EM-thermal-mechanical
multiphysics model, enabling the temperature monitoring mech-
anisms to be clarified and validated from a multiphysics perspec-
tive. Sections III-B, III-C, and III-D present the simulation and
analysis of the different types of coupling effects for this sensor
model.

A. Design of Resonator for Temperature Monitoring

Spiral resonator structures, known for their simple ge-
ometry and high-Q resonance, have been widely used in
metamaterial-based sensing applications [39], [40], [41], [42].
In this section, such structures are employed to demon-
strate the proposed multiphysics simulation framework for
analyzing coupled EM-mechanical-thermal effects. The vari-
ation in the dielectric constant of the ceramic substrate
leads to a shift in the resonant frequency of the resonator,
which serves as the fundamental principle for temperature
monitoring.

The unit cell of a 16-branch spiral resonator for temperature
monitoring is shown in Fig. 2. The resonator consists of a
metallic resonant structure (perfect electric conductor, PEC),
a dielectric substrate, and a metal ground (GND) plane, forming
a sandwich-like configuration. The substrate dimensions are
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Unit Cell

Sandwich Structure:
PEC-SUB-GND

Iom'"

Fig. 2. The structure diagram of the 16-branch spiral resonator.
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Fig. 3. S-parameter curves of the spiral resonator for the unit cell and 4x 4
array structures.

set to 10 mm X 10 mm X 3 mm to achieve a working fre-
quency range of 12-15 GHz. Aluminum oxide (Al,Os3), with
a temperature-dependent dielectric constant, is selected as the
substrate material, while platinum (Pt), known for its high-
temperature stability, is used as the PEC to enable temperature
sensing. This structure is classified as a scattering-absorption
integrated metamaterial sensor, where the ground plane reflects
electromagnetic waves absorbed by the resonator at a specific
resonant frequency.

The upper part of Fig. 3 shows the S-parameter curves of
the unit cell, where the S5 and Ss; curves coincide. The
lower part of Fig. 3 presents the resonant response of the 4x
4 array, illustrating the frequency shift caused by variations in

TABLE I
THE PARAMETERS OF MATERIALS IN SIMULATIONS

EM parameters Thermal parameters

€ tand Kkl Cg o3
SUB 4.81 0.0185 35 730 3750
PEC \ 71.6 133 21500

1. Thermal Conductivity [W/(m - K)]
2. Specific Heat Capacity at Constant Pressure [J/(kg - K)]
3. Density [kg/m?]

the substrate dielectric constant. The inset shows that the reso-
nant frequency varies approximately linearly with the dielectric
constant. The upper-right insets of Fig. 3 depict the 4x4 array
structure and the electric field distribution of the unit cell at
resonance.

COMSOL Multiphysics is employed to investigate the mul-
tiphysics coupling effects in the temperature sensor model.
Simulations are performed on the unit cell to capture the essential
coupling mechanisms. Thermal boundary conditions include a
fixed temperature at the bottom and convective conditions on the
outer surfaces, while mechanical boundary conditions consist of
a fixed constraint at the bottom and a pressure load on the top
surface. A physics-controlled mesh with regular free tetrahedral
elements is used for all models.

B. EM-Thermal Coupling Effect

The EM — thermal coupling is modeled by incorporating the
microwave heat source generated from EM power dissipation (7)
into the heat conduction equation (6) as a volumetric source.
The temperature distribution is solved using the Microwave
Heating interface in COMSOL Multiphysics, which couples
the RF Module and the Heat Transfer Module.

In this sensor model, platinum (Pt) is adopted as the PEC
material, and aluminum oxide (Al203) serves as the substrate.
For Heat Transfer Module setting, the bottom temperature is set
toT'o = 300K, the convective heat transfer coefficienttoh = 15
W /(m? - K), and the ambient air temperature to T'sur = 293.15
K. To enhance the EM-thermal coupling effect, the incident
electromagnetic wave is excited through a rectangular port,
with the frequency tuned near the device’s resonance (14 GHz).
Under this condition, the resulting power dissipation (computed
through the Microwave Heating interface) generates a more
pronounced microwave heat source for the subsequent thermal
analysis. The material parameters employed in the simulations
are summarized in Table 1.

To evaluate the influence of microwave heating on the sensor’s
thermal behavior, Fig. 4 presents the simulated surface temper-
ature distributions of the substrate and spiral metal patch under
conditions with and without the microwave heat source. When
the microwave heat source is introduced, the localized enhance-
ment of the electric field intensity (as shown in the upper right
illustration of Fig. 3) corresponds to a slightly nonuniform tem-
perature distribution (with a maximum temperature difference
below 0.012 K) exhibiting central symmetry consistent with the
device geometry, as illustrated in Fig. 4(b). This correspondence
confirms the effective incorporation of the EM — mechanical
coupling in the simulation.
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Temperature of PEC (K) Temperature of SUB (K)

299.9991 299.9991

299.9987 299.9977

@

Fig. 4.

Temperature of PEC (K)

Temperature of SUB (K)

299.9554 299.9554

\\

(@

299.9443 299.9438

(b)

Temperature distribution of the sensor device. (a) Without microwave heat source (i.e., no coupling). (b) With microwave heat source (i.e., coupling).

TABLE II
AVERAGE TEMPERATURE AND MAXIMUM TEMPERATURE DIFFERENCE OF THE UPPER SURFACE OF THE SUBSTRATE UNDER DIFFERENT BOTTOM FIXED
TEMPERATURE AND DIFFERENT HEAT SOURCE CONDITIONS

Bottom temperature (K) 500 600 700 800 900 1000
Average temperature Without EM heating 499.94 599.91 699.87 799.83 899.78 999.72
(K) With EM heating 499.93 599.89 699.85 799.80 899.75 999.72
Maximum temperature Without EM heating 0.07 0.12 0.17 0.22 0.28 0.36
difference (K) With EM heating 0.1 0.14 0.17 0.23 0.28 0.35
To quantitatively evaluate the effect of microwave heating, T x
the average temperature and maximum temperature difference T
of the substrate’s upper surface were computed under various TR0k |
bottom surface temperatures, as summarized in Table II. The T-1200K

results show that the inclusion of the electromagnetic heat source
slightly alters the heat distribution but induces only a negligible
temperature rise (~ 10~2 K) compared with the overall temper-
ature range (102-10% K), indicating that its thermal impact is
insignificant.

An additional investigation was conducted to assess the influ-
ence of the external air environment on the sensor temperature.
Two ambient temperatures, 293.15 K and 1000 K, representing
typical and high-temperature conditions, were considered, with
the heat transfer coefficient varied from 25 to 250 W/(m? - K)
. The results show that both the average and maximum tem-
peratures change by less than 1 K, indicating that the sensor
temperature is largely insensitive to variations in ambient con-
ditions and heat transfer coefficient, and is primarily determined
by heat transfer from the underlying object.

To investigate the thermal— EM coupling, two simulations
were conducted to assess the effect of non-uniform internal
temperature on the device’s electromagnetic response. In the
first, a pure EM simulation assumed a uniform temperature, with
constant dielectric parameters (e.g., permittivity at 500 K) and
no heat transfer. In the second, an EM-thermal multiphysics sim-
ulation accounted for the non-uniform temperature distribution
within the substrate, with permittivity and loss tangent defined
as temperature-dependent functions, £,.(T") and tan 6(7) (left
inset of Fig. 5). EM models used rectangular ports for excitation,
while heat conduction and EM boundary conditions followed
those in Fig. 4. Temperature differences were introduced via EM
heat sources, causing local variations in dielectric parameters.
The results, shown in Fig. 5, illustrate the impact of thermal
non-uniformity on resonance.

Uniform Parameters
= = Non-uniform Parameters

S11 (dB)

0.02 6

0.015

S11(dB)
£

0.01 10

0.005 12

0 -14
0 500 X 1000 13.8 13.85 13.9 13.95 14
Temperature(°C) Frequency(GHz)
N

30 N M
13.2 13.4 13.6 13.8 14 14.2 14.4 14.6
Frequency (GHz)

Fig. 5.
curves.

EM simulation versus EM-thermal simulation: a comparison of S71

According to the inset on the right of Fig. 5, no significant
shift is observed in the curves. Numerical results indicate that the
difference in S7; parameters obtained from the two simulation
methods at the same frequency is on the order of 1072 dB,
which can be neglected. This negligible effect is attributed
to the relatively small temperature differences generated by
electromagnetic heating within the device compared to the high-
temperature ambient conditions.

The primary EM-thermal coupling effect is observed in the
shift of the S1; curve caused by changes in the device bottom
temperature. The sensor’s EM response spectrum is mainly
governed by the temperature-dependent permittivity of the
substrate, where the dielectric constant increases with tem-
perature [43]. In COMSOL, the EM parameters are set
as interpolation functions of temperature, and EM-thermal
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simulations are performed on a unit of the spiral resonator at
different temperatures. As shown in Fig. 5, both the real part
of the dielectric constant &, and the loss tangent tan d of the
ceramic material increase with temperature, resulting in the
observed shift of the S1; resonance.

An increase in the substrate dielectric constant enhances
its polarization, analogous to increasing the capacitance in an
LC resonant circuit, which lowers the resonant frequency and
shifts the resonance curve to the left. Simultaneous changes in
dielectric loss modulate this effect: moderate loss increases EM
wave absorption, deepening the S1; resonance, while excessive
loss raises the overall dissipation, reducing the Q factor and
shallowing the peak. Dielectric loss can thus be regarded as
the equivalent resistance in an RLC circuit, with optimal res-
onance achieved when the material exhibits slight loss, near
the impedance-matching condition. Consequently, in Fig. 5, the
resonance peak is deepest and sharpest when the dielectric loss
takes an intermediate value, whereas peaks corresponding to
lower or higher loss are shallower and broader, consistent with
the above analysis.

C. EM-Mechanical Coupling Effect

The EM—mechanical coupling effect can be categorized into
two aspects: the structural stress and strain induced by electro-
magnetic fields, and the EM response variations caused by struc-
tural deformation and/or pressure-dependent dielectric proper-
ties of the material. The mechanical behavior related to this
coupling is analyzed using the Structural Mechanics Module
in COMSOL Multiphysics.

The EM — mechanical coupling is negligible in passive
microwave sensors, as the internal field is a high-frequency
resonant electromagnetic field rather than a static electric field,
which does not induce appreciable electrostrictive or inverse
piezoelectric effects. Consequently, the device structure remains
essentially unaffected by incident EM waves. For active device
applications where electrostatic-mechanical interactions are rel-
evant, such coupling can be analyzed using the Piezoelectricity
Interface in COMSOL Multiphysics.

The mechanical — EM coupling can arise from two fac-
tors: (1) structural deformation under external pressure, and
(2) pressure-dependent variations in the dielectric properties of
the substrate. The latter is not relevant to temperature sensing
applications, as the materials employed are typically insensi-
tive to pressure, thereby avoiding unintended EM-mechanical
coupling.

The sensor is designed to operate in extreme environments
with high temperature and pressure, capable of withstanding
external loads up to 1-5 MPa. A uniform external pressure is
applied to the top surface (Boundary Load), while the bottom
surface is fixed to represent the mechanical constraints (Fixed
Constraint). The material properties, including Young’s mod-
ulus (PEC: 1.68 x 10'! Pa; SUB: 7.48 x 10! Pa) and Poisson’s
ratio (PEC: 0.38; SUB: 0.45), are specified as input parameters.
The resulting stress and strain distributions are obtained by solv-
ing the steady-state elastic equation, with the applied pressure
varied from 1 MPa to 5 MPa during the simulation.

von Mises Stress (N/m?)

(a) Appling external pressure SMPa  (b) Thermal expansion effect at 500K

Fig. 6. Schematic diagram of stress distribution on the surface of the structure
under the effect of external pressure and thermal expansion.

TABLE III
STRUCTURAL STRESS AND STRAIN UNDER DIFFERENT PRESSURE

Pressure (Pa) von Mises Stress (N/m?2) Volumetric Strain

1.0x106 3.8939%10° -3.1732x106
2.0x109 7.7879%x10° -6.3463x10~6
3.0x10% 1.1682% 106 -9.5195%x106
4.0x108 1.5576x 106 -1.2693%x10—5
5.0x109 1.9470x 106 -1.5866x10~°

Fig. 6(a) illustrates the three-dimensional stress distribution
on the device surface. Table III summarizes the von Mises stress
(a scalar equivalent stress derived from the Cauchy stress tensor,
commonly used to predict yielding under complex loading)
and the volumetric strain (the relative volume change under
uniform stress) at the center of the upper substrate surface. As
the applied pressure on the upper surface increases, both internal
stress and strain rise correspondingly, with negative strain values
indicating volumetric compression. However, the strain magni-
tude (~ 107-10?) suggests that the structural deformation is
negligible. Therefore, for thin-layer microwave sensors such as
spiral resonators, the influence of pressure-induced deformation
on the EM response spectrum can be reasonably neglected.
In contrast, for deformable resonant structures (such as those
incorporating a sealed cavity with a flexible diaphragm) the
EM-mechanical coupling becomes significant, which will be
further analyzed in the subsequent section on pressure sensors.

D. Thermal-Mechanical Coupling Effect

To quantify the effect of thermal — mechanical coupling, the
influence of material thermal expansion is primarily considered.
The simulations are conducted using the Heat Transfer Module
and Structural Mechanics Module, with the Thermal Expan-
sion multiphysics coupling in COMSOL employed to capture
the interaction between temperature variation and structural
deformation.

In this analysis, the ambient temperature is set to 293.15 K,
and the coefficients of thermal expansion are specified as
8.8x1076 K~! for the PEC and 8x10~¢ K~ for the silicon
carbide (SiC) substrate. It should be noted that the thermal
expansion coefficient may vary with temperature; however, it
is treated as constant here for simplicity and analytical clarity.

The von Mises stress distribution of the structure at 500 K is
shown in Fig. 6(b), which illustrates the magnitude of internal
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TABLE IV
STRUCTURAL STRESS AND STRAIN UNDER DIFFERENT TEMPERATURE

Temperature (K) von Mises Stress (N/m2)  Volumetric Strain
500 4.8209% 108 4.0535%1073
600 7.2998x 108 6.0130x10~3
700 9.6786x 108 7.9725x103
800 1.2057%10° 9.9319x10~3
900 1.4436x 10 1.1891x 102

stress induced by thermal expansion at elevated temperatures.
Table IV presents the numerical results of stress and strain
under thermal expansion at different device temperatures, in-
dicating that both quantities increase with temperature. In the
high-temperature range of 500 K—1000 K, the structural thermal
strain is on the order of 1072~10~2, which is significantly larger
than the compression strain induced by external pressure, yet
still negligible relative to the overall structural dimensions.
Therefore, for the spiral resonator configuration, the thermal
expansion effect (thermal — mechanical coupling) does not no-
tably alter the electromagnetic response of the device. Notably,
in multiphysics coupling scenarios relevant to high-temperature
and high-pressure environments, the thermal expansion effect
exerts a more significant influence than the pressure-induced
compression effect.

For the mechanical — thermal coupling, since the struc-
tural deformation of the device remains negligible under high-
temperature and high-pressure multiphysics conditions, its in-
fluence on the thermal field can be ignored. To perform this type
of coupling, it is sufficient to conduct a thermal simulation in
COMSOL on the mesh of the Deformed Geometry interface
with the applied pressure load.

In summary, the multiphysics analysis of the spiral-structured
temperature sensor demonstrates that variations in the material’s
dielectric properties (induced by environmental factors such as
temperature and pressure) are the primary causes of shifts in
the electromagnetic response spectrum. Other coupling effects,
including microwave heating and thermal expansion, have neg-
ligible impact and can be omitted in the simulation of such
metamaterial microwave sensors.

IV. SIMULATIONS OF PRESSURE SENSOR

The multiphysics modeling of wireless passive pressure sen-
sors follows the same simulation framework established for
the temperature sensor in Section III. In contrast, the analysis
here focuses on resonant structures with deformable cavities,
where structural deformation and pressure-dependent permit-
tivity jointly influence the electromagnetic response. Accord-
ingly, the coupling analysis emphasizes the EM-mechanical and
thermal-mechanical interactions, while the boundary conditions
and meshing strategy remain consistent with those used in the
temperature sensor model.

A. Working Principle and Design of Pressure Sensor With
Deformable Structure

Wireless passive pressure sensors typically employ a sealed
cavity and deformable materials to enable elastic deformation

Fig. 7. Schematic Cross Section and Equivalent Circuit of LC Resonator.

under external pressure. For some bulk-structure sensors, pres-
sure sensing relies on the piezo-dielectric properties of the
substrate, analogous to the temperature sensing mechanism in
passive temperature sensors. In this subsection, the focus is on
pressure sensing based on a deformable cavity.

Resonators containing cavities operate according to two main
principles. One is based on standing-wave physics, involving
half-wavelength resonance between the electromagnetic field
and the cavity. The other is based on the equivalent circuit
model, where resonance is determined by the device’s effective
inductance and capacitance.

For cavity resonance mechanism, the sensitivity of a mi-
crowave sensor can be analyzed using cavity perturbation theory.
For a deformable cavity, the resonant frequency variation due to
a small shape perturbation can be approximated as

w—wy sy (#Hol* — < [Bof) dv

~

“0 [y (1Hol® + £ [Bof*) dv

(24)

or
W — Wo - AWm —AWE
wo W+ W,

(25)

where AW,,, and AW, represent time-average magnetic and
electric energies in the perturbed volume AV Since AV <« V,
AW = A?VW, indicating that the shift of resonant frequency
Af/f < AV/V. For a cylindrical cavity with radius « and
height t.. as an example, A f/f o< At/t. where At is the height
displacement due to external pressure. Since the displacement of
the cavity height is generally proportional to the external pres-
sure applied to the device [26], i.e., Af/f o< AP. Therefore,
the pressure sensitivity A f/AP can be expressed as a positive
coefficient that related to deformation properties of the cavity
and the design of resonator, i.e., P T = freso T

For LC equivalent circuit mechanism, the sensitivity of a
LC resonator sensor according to deformable structure can be
analyzed based on the equation of LC resonance’s equivalent
frequency f = 1/2n\/LC. As illustrated in Fig. 7 (orange color
represents metal material and the blue color represents sub-
strate dielectric material), the parallel capacitance of a cavity-
containing resonator can be approximated as

607’1’&2

- Lo+ 2tmet’ (26)

Co
When external pressure compresses the cavity, the cavity height
decreases (t. |), increasing the equivalent capacitance (Cy 1).
And the resonant frequency decreases as the equivalent ca-

pacitance increases, i.e., Af = f — fy x —1/\/@ x —V At
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Fig. 8. Schematic diagram and resonant curve of a multi-slot structural pres-
sure sensor.

(Af < 0). Therefore, the sensitivity of an LC resonator, imple-
mented as a pressure sensor through a deformable cavity, can
be quantified by a negative coefficient, i.e., P T = fres0 {. The
magnitude of the sensitivity depends on the cavity’s mechanical
properties and the resonator design.

Based on the resonant cavity principle, a multi-slot resonator
is designed, consisting of a multi-slot metal patch (PEC), a
10mm x 10 mm x 0.3 mm substrate with a sealed bottom cavity
(radius 4 mm, height 0.2 mm), and a metal ground plane (GND),
as shown in Fig. 8. To model the cavity deformation under
external pressure, a concave spherical crown (inset of Fig. 8(d))
is applied to the upper surface using the Bend Shape function in
CST Studio Suite, with curvature determined from the maximum
displacement obtained in mechanical simulations. The resulting
structural deformation shifts the resonant frequency upward as
pressure increases (0.2-5 MPa), as indicated by the S1; curves.

For the LC equivalent circuit resonance principle, a PEC-
GND connected model with a 11 mm X 11 mm X 1 mm
substrate which contains a cavity of 5.2 mm radius and 0.05 mm
heightis designed, as shown in Fig. 9. By changing the thickness
of the middle cavity, the resonant frequency shifts effectively
(the results will be shown in the following section), which is
significant for pressure sensing.

The sensitivity of the pressure sensor, designed according to
these two principles, is primarily dependent on the structural
design and the material’s deformation characteristics. However,
the pressure response frequency shifts in opposite directions for
the two pressure-sensing working principles.

Fig. 9. Schematic diagram of a equivalent LC resonator sensor.

For the LC equivalent circuit principle, a PEC-GND model
(comprising a PEC patch, a ground plane, and sidewall metal
strips connecting the patch and ground plane) is employed,
featuring an 11 mm x 11 mm x 1 mm substrate with a cavity
(radius 5.2 mm, height 0.05 mm) (Fig. 9). Variation of the cavity
thickness effectively shifts the resonant frequency, providing the
basis for pressure sensing. Based on this design, the multiphysics
effects of the pressure sensor are further investigated using the
same COMSOL modules employed for the temperature sensor
simulations in Section III; the similar simulation settings will
not be reiterated.

B. EM-Mechanical Coupling Effect

Since the excitation is an electromagnetic wave applied
through a rectangular port and the materials in the microwave
sensor system are non-piezoelectric, the inverse piezoelectric
effect (i.e., the EM — mechanical coupling) is neglected. Con-
sequently, the analysis focuses on the mechanical — EM cou-
pling effect, i.e., the influence of structural deformation on the
electromagnetic response.

Structural deformation of the pressure sensor under applied
pressure is first simulated in COMSOL Multiphysics using a
physics-controlled mesh, where the element size is adjusted
to ensure convergence of the mechanical displacement results
while balancing accuracy and computational efficiency. Con-
ventional analyses of cavity-based pressure sensors often rely
on simplified substrate models; however, neglecting the distinct
mechanical characteristics of metallic components may lead to
deviations in the predicted deformation. Therefore, a full sensor
model is implemented in COMSOL to perform a more detailed
mechanical simulation and validate the multiphysics coupling
effects.

Mechanical simulations were conducted with the lower sur-
face fixed and a uniform pressure applied to the upper surface,
for both a simplified substrate-only model and a complete de-
vice model incorporating the PEC layer. The resulting stress
distributions on the substrate and PEC surfaces are presented
in Fig. 10, while the corresponding deformation results are
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Fig. 10. Von Mises stress distribution of the sensor device: comparison
between the simplified substrate model and the complete structure. (a) Stress
distribution on the upper surface of the substrate in the simplified model. (b)
Stress distribution on the upper surface of the substrate in the complete model.
(c) Difference plot showing the result of (a) minus (b). (d) Stress distribution on
the upper surface of the PEC patch.

TABLE V
CENTER POINT DEFORMATION AND AVERAGE DEFORMATION OF UPPER
SURFACE OF THE CAVITY UNDER DIFFERENT CONDITIONS

Center point deformation Average deformation

(mm) (mm)
Without With Without With

PEC patch PEC patch PEC patch PEC patch
Without

thermal -0.048096 -0.022618 -0.018304 -0.0089944
expansion

With

thermal -0.042215 -0.018807 -0.014220 -0.0068970

expansion

Notes: the applied pressure is 3 MPa; set the temperature to 500 K
for thermal expansion effect.

summarized in Table V under the without thermal expansion
condition. As illustrated in Fig. 10, the maximum stress on
the substrate surface in the complete model is markedly lower
than that in the simplified model, while the stress within the
PEC layer remains relatively small. This demonstrates that
the metal layer effectively redistributes structural stress and
mitigates deformation within the dielectric substrate. The de-
formation data further indicate that the displacement differ-
ence between the models with and without the PEC patch
is considerable, with the simplified model exhibiting up to
112% higher deformation. Such discrepancy underscores the
inaccuracy of simplified models and the necessity of employ-
ing the complete structural model to ensure reliable coupling
analysis.

Mechanical simulation results indicate that the upper surface
of the cavity exhibits a dome-shaped deformation (inset of
Fig. 11), with the maximum displacement at the center gradually
decreasing toward the edges, which can be effectively approxi-
mated by a spherical crown. The central displacement extracted

TABLE VI
COMPARISON OF THE PROPOSED MODELS TO PREVIOUS MODELS

Reference Accuracy of Accuracy of Simulation
Resonant Frequency S11 Parameters Models
[29] +5.5%, -5.2% / deflection
theory
deflection
[30] 2.46% / theory
(31] 38.2%, 44.3% / deflection
simulation
deflection
[32] 1-12.5% / theory
. EM &
(Sig“fe “ﬁ;ﬁel) 2.65% 101.92% Mechanical
P simulation
This work EM &
(Bend Shape 0.32% 13.15% Mechanical
Model) simulation

S11 (dB)

Displacement (mm)

-20 - m IOI -
io.os
0

251 Experimental Results| ]

Bend Shape Model
= = = Simple Model
30 L L ! 1
10 10.2 10.4 10.6 10.8 11
Frequency (GHz)
Fig. 11. Comparison of simulation and experimental results of S7; curve of

LC resonator sensor.

from the mechanical simulation under different external pressure
is subsequently coupled into the EM model using the Bend Shape
function to realize the mechanical — EM coupling.

To validate the effectiveness of the mechanically coupled EM
model, the proposed precise modeling approach is compared
with a simpler non-coupled simulation method using experimen-
tal measurements as the reference (Fig. 11). For experimental
validation, the LC resonator sensor (similar to the structure in
Fig. 9, with more complex patch patterns shown in the insets of
Fig. 11) was mounted on a customized fixture inside a sealed
pressure chamber. The interrogation antenna was connected
to an Agilent E5063 A vector network analyzer (VNA) via
a 50-Q coaxial cable to record the measurements. All data
presented were independently obtained, while the experimental
setup followed a configuration similar to prior work (Wang
et al., arXiv:2411.16759). A single 1.5MPa pressure-loading
experiment (red dots in Fig. 11) is used in this study to directly
compare experimental results with simulation predictions. At
non-resonant frequencies, the experimentally measured |S11]
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TABLE VII
CENTER POINT DEFORMATION AND AVERAGE DEFORMATION OF DEVICE UNDER DIFFERENT TEMPERATURE CONDITIONS

Mechanical simulation

Mechanical-thermal
coupling simulation

Mechanical-thermal
coupling simulation

Mechanical-thermal
coupling simulation

(300K) (500K) (800K)
Cavity upper surface: -0.0089944 -0.0089058 -0.0068970 -0.0058852
average displacement (mm)

Cavity upper surface: -0.022618 -0.022480 -0.018807 -0.014054
center point displacement (mm)

SUB upper surface: -0.022617 -0.022454 -0.018056 -0.012227
center point displacement (mm)

SUB upper surface: 1.0654E8 1.0670E8 1.0791E8 9.2696E7

center point von Mises Stress (Pa)

magnitude is higher than the near-zero simulation values, pri-
marily due to parasitic effects, impedance mismatch, environ-
mental noise, and intrinsic device losses.

A simple modeling approach adjusts only the substrate and
cavity heights, whereas the proposed bend shape model more ac-
curately captures the sensor’s deformation. EM simulations us-
ing these two methods, combined with mechanical simulations,
are shown in Fig. 11 (green and cyan lines, respectively). The
bend shape model shows closer agreement with experimental
results in both resonant frequency and S7; dip depth, achieving a
frequency accuracy of 0.32% versus 2.65% for the simple model,
and an S7; accuracy of 13.15% versus 101.92%. These results
demonstrate the improved accuracy of the EM-mechanical cou-
pling approach. Compared with literature models (Table VI),
the bend shape model achieves significantly higher accuracy in
resonant frequency prediction. Unlike most prior approaches,
which rely on analytical deflection theory or simple mechanical
simulations, our model incorporates detailed EM-mechanical
coupling and can accommodate complex device geometries
and multiple materials, demonstrating its advantages despite
increased modeling complexity.

C. Thermal-Mechanical Coupling Effect

For high-temperature applications, thermal expansion must
be carefully considered in multi-physics simulations to accu-
rately capture the thermal — mechanical coupling in pressure
Sensors.

The deformation results at 500 K, presented in the with
thermal expansion condition of Table V, are compared with am-
bient temperature conditions (i.e., without thermal expansion),
indicating that including thermal expansion reduces the cavity
deformation by approximately 10-25%. Furthermore, Table VII
summarizes the deformation under multiple temperature condi-
tions, showing that the influence of thermal expansion becomes
more pronounced as temperature increases, further reducing the
cavity deformation.

By incorporating these mechanical simulation results that
account for thermal expansion into the electromagnetic model,
a comprehensive EM-mechanical-thermal multiphysics sen-
sor model is established. This integrated model enables ac-
curate pressure monitoring under combined high-temperature
and high-pressure conditions, reflecting the coupled effects of
electromagnetic, mechanical, and thermal fields.

Although the COMSOL Multiphysics models (based on the fi-
nite element method, FEM) effectively capture the multiphysics

behavior of the pressure sensor, their accuracy remains con-
strained by numerical and modeling assumptions. Mesh resolu-
tion can affect stress localization, while idealized material and
boundary conditions may deviate from experimental realities.
Hence, the simulation results should be interpreted with caution
and validated against measurements.

Despite these limitations, the established FEM framework
provides a reliable foundation for analyzing EM-thermal—
mechanical coupling effects. The results confirm that structural
deformation and thermal expansion are the dominant factors
influencing the EM response of deformable pressure sensors, of-
fering clear guidance for model simplification and performance
optimization.

Data Availability: The COMSOL Multiphysics simulation
files associated with this study are provided at [44].

V. CONCLUSION

This study presented a comprehensive investigation of EM-
thermal-mechanical coupling in wireless passive microwave
sensors and established a unified multiphysics modeling frame-
work applicable to both temperature and pressure sensing. The
framework integrates governing equations of the three physical
fields, defines boundary conditions through bidirectional and
unidirectional coupling pathways, and quantitatively evaluates
their relative significance by numerical simulations.

Systematic simulations revealed that dielectric property varia-
tions induced by temperature are the primary factors influencing
the EM response of microwave sensors, while secondary effects
such as microwave heating and structural thermal expansion can
be reasonably simplified for the spiral-type thin-film resonators.
In contrast, for deformable cavity-based pressure sensors, incor-
porating structural deformation and thermal expansion markedly
improves predictive accuracy.

This work underscores the importance of considering mul-
tiphysics coupling in sensor modeling to improve design re-
liability and provides practical guidance on balancing model
complexity and computational efficiency. Future research will
focus on optimizing mesh strategies, adopting more realis-
tic material models, and refining boundary representations to
further enhance accuracy. In addition, the framework can be
extended to include electromechanical or electrostatic coupling
(e.g., piezoelectric effects) and circuit-level co-simulation, en-
abling the modeling of more diverse material systems and
next-generation wireless passive sensors with greater functional
integration.
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