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Abstract

Structural health monitoring (SHM) is crucial for the longevity of engineering structures,
especially under thermal loading conditions. Elevated temperatures pose challenges for
sensors in data acquisition and characterization. Once suitable sensors are deployed,
temperature data help detect and evaluate potential damage or defects. This work uses a
Rectangular Microstrip Antenna (RMSA)-based sensor for temperature sensing, offering
non-invasive, accurate, and stable measurements. The antenna resonant frequency is
sensitive to changes in temperature, acting as an indicator. Simulations using HFSS analyze
the antenna’s reflection characteristics under thermal loading, simplifying sensing systems,
reducing sensor count, and minimizing installation efforts work. Simulated results are
comparable to the experimental ones, which ascertain the performance of patch antennas
as temperature sensors.

Keywords: rectangular microstrip antenna (RMSA); sensor; structural health monitoring
(SHM); thermal loading

1. Introduction

Temperature measurement is crucial in production processes, environmental protec-
tion, and safety protection. Heat sensors are generally divided into three types: intrusive,
semi-intrusive, and non-intrusive. Invasive temperature sensors are installed either on or
next to a component and involve a cable to connect the sensors to the measuring instru-
ment. Due to their simplicity and low cost, thermocouples are widely used in multiple
applications. However, they have weak and noise-sensitive output signals and expensive
cables, which limit their applications. In addition to high costs related to installation and
maintenance, another disadvantage of these cabling systems is the difficulty of measuring
temperature in moving or heavy areas. Patch antennas have been introduced as thermal
sensors recently. These sensors are lightweight and small with high sensitivity and wide
bandwidth [1]. Non-invasive sensors are usually based on infrared thermometers, interfer-
ometers, and luminescence; they can measure the temperature of an environment remotely
without physical contact, though their price is often high. Semi-invasive sensors were
placed at the point of interest, but temperature readings were taken far away. Such temper-
ature sensors have garnered attention recently since the implementation of such a system
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can be substantially lower than that of an invasive or non-invasive temperature sensing
system [2]. To maintain standards, all airlines seeking SHM systems must improve the
safety of the aircraft, lower the maintenance costs and frequency, and extend the operation
of the aircraft. SHM systems can also be used for static monitoring applications such as
long-distance transmission lines, cultural heritage monitoring, and modern wooden model
home maintenance. [3,4].

The use of patch antennas for various applications has been demonstrated. They can
be used for strain measurements [5], as crossovers in beamforming applications [6,7], and in
multiple-input/multiple-output (MIMO) systems [8], to mention a few. When temperature
is applied to a patch antenna, it changes its shape and current distribution, causing the
resonant frequency to change [9]. Recently, a patch antenna has been used together with an
IoT platform as a temperature sensor [10]. Using PEDOT: PSS-based chipless printed loop
antenna for temperature sensing applications is presented [11]. The impact of antenna shape
on sensor performance has also been investigated by researchers [12]. A dual-band antenna
for temperature sensing has been reported by Dong, Helei et al. recently [13]. A simple and
easy method for realizing a high-sensitivity, fast-response microstrip temperature sensor
using a passive RFID antenna has been demonstrated [14]. In this work, a rectangular patch
antenna is subjected to thermal load, and its influence on the resonance characteristics is
studied in detail.

2. Design of Patch Antenna

The rectangular patch antenna, depicted in Figure 1, is vital in wireless communi-
cation systems, especially when repurposed as a temperature sensor, as explored in this
study. Carefully chosen dimensions, such as length (L) and width (W), are tailored to
meet desired specifications like resonant frequency and bandwidth, while also enabling
accurate temperature sensing. Employing an FR4 substrate, having a dielectric constant
(er) of 4.4 and a thickness (h) of 1.6mm, significantly influences the antenna’s performance.
The paper aims to explain the design details of a patch antenna for temperature sensing
purposes, providing insights into geometric considerations and material properties for
optimal performance in this specific role.

Figure 1. Schematic of the microstrip antenna.

The design process of an inset-fed rectangular patch antenna targets a resonant fre-
quency of 2.45 GHz, which involves comprehensive simulations using ANSYS HFSS.
Table 1 outlines the specific design dimensions critical to achieving the desired resonance.
Simulation assessments are conducted across a frequency spectrum ranging from 2 GHz to
4 GHz to evaluate the antenna’s performance. Upon simulation, the fundamental frequency
of the unaltered rectangular patch antenna is determined to be 2.4413 GHz, aligning closely
with the intended operational frequency. This resonance frequency validation underscores



Eng. Proc. 2025, 93, 19

30f8

the effectiveness of the antenna’s design parameters in facilitating optimal performance
within the designated frequency band.

Table 1. Patch antenna design parameters.

Symbol Parameter Values (in mm)
Dl Sibare (AT g
Radiation Patch ‘I;glr(llgt;h ggg
Ground Plane \I;\?f:j%;h Zg
Feed Line x&%;h 5.506
Feed Gap I\;\?::l%}tlh 2.12

3. Principle of Operation

A metallic ground plane, a dielectric substrate, and a metallic radiation patch form a
microstrip patch antenna. An electromagnetic resonator consists of a ground plane and an
electromagnetic field, which is the electric field of the resonant frequency. The transmission
line model states that the antenna resonant frequency;, f, can be written as:

c
NN v
where ¢, = dielectric constant of the substrate, ¢ = speed of light, and I, = electrical length
of the patch.

The patch antenna’s resonance frequency is highly sensitive to changes in the dielectric
constant of the substrate materials. As the temperature fluctuates, the dielectric constant
changes, altering the antenna’s resonance frequency. As a result, temperature-induced
alterations in resonant frequency have an impact on the patch antenna’s impedance. This
fluctuation in impedance may be monitored and associated with temperature variations,
making the patch antenna a useful thermal sensor. However, calibration is essential for
precise temperature measurement. Calibration is the process of characterizing the link
between temperature variations and changes in antenna properties, such as resonant
frequency or impedance.

4. Calculation of Change in Length

The electromagnetic resonator is constructed between the ground layer and the electro-
magnetic resonator two types TM010 and TM100 at the resonance frequency, ensuring their
flow throughout the field’s length and width, respectively. When calculating particularly
the TM010, we are measuring only the length of the microstrip antenna. When the antenna
is subjected to temperature, the length and width of the patch become deformed, and
therefore the resonant frequency will be shifted. The resonant frequency variation can be
calculated by:

AL = aLAT )

AL: Change in length (meters)

: Coefficient of thermal expansion (meter/meter/°C)
L: Original length of the antenna (meters)

AT: Change in temperature (°C)



Eng. Proc. 2025, 93, 19

40f8

Resonant frequency changes in the antenna can be represented by changes in dielectric
constant variation in the substrate and length of the radiating element of the patch.

of of

Af = gAe + EALe 3)
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By substituting Equations (4) and (5) into Equation (2) and normalizing frequency

Af

shifts with the resonant frequency, the normalized frequency change 7 is directly propor-
tional to the change in electrical length.

—o - ©)

Deformation due to thermal loading is approximated to the thermal expansion of the
patch antenna and can be determined from the coefficient of thermal expansion ().

Al Aw

The normalized frequency change and the temperature change can be expressed as

Asz—[%—hx}AT:kTAT ®)

Thermal stress arises from the restriction imposed on a material’s expansion or con-
traction by its surroundings. When a material experiences heating or cooling, it expands
or contracts correspondingly. However, external constraints may hinder this free expan-
sion or contraction process. Consequently, thermal stresses build up within the material,
potentially resulting in changes in length, as demonstrated in Figure 2.

Figure 2. Schematic of thermal load to patch antenna.

5. Results and Discussion

This study investigated the impact of temperature variations on the resonant frequency
of a 2.4 GHz patch antenna. Simulations were conducted using Ansys Workbench software
to analyze the relationship between temperature-induced dimensional changes and the
resulting shifts in resonant frequency.
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As the temperature surrounding the patch antenna increased from 30 °C to 150 °C, the
resonant frequency exhibited a trend in decrease at both 2.4 GHz and 3.8 GHz. Figure 3a,b
illustrate the return loss of the patch antenna, highlighting the shift in response to frequency
changes caused by temperature fluctuations. Specifically, the frequency shift at 2.44 GHz
primarily reflected changes in the length (AL) of the patch, whereas the shift at 3.81 GHz
predominantly corresponded to changes in the width (AW).
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Figure 3. Variation in resonant frequency with temperature changes (a) f;o along the length, (b) fo;
along the width.

The graph Figure 4 illustrates a negative correlation between temperature and fre-
quency at 2.4 GHz. As temperature increases, the frequency decreases, indicating a clear
relationship between temperature variations and frequency shifts. The measured 2.4 GHz
frequency reflects variations caused by changes in the antenna’s width dimension. It is
noteworthy that the data presented in the graph encompasses a limited temperature range,
spanning from 30 °C to 150 °C, corresponding to a frequency range of 2.4406 GHz to
2.4364 GHz. Within this range, sensitivity can be calculated as the change in frequency
per unit degree Celsius, which came to be 0.4 MHz. Additionally, the graph allows for the
determination of the correlation coefficient (R), which is 0.9749 at 2.4 GHz.
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Figure 4. Resonant frequency shift with increasing temperature along the length of the patch.
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Similarly to the observations in Figure 4, Figure 5 also demonstrates a negative corre-
lation between temperature and frequency at 3.8 GHz. The measured 3.8 GHz frequency
reflects variations attributed to changes in the antenna’s length dimension. It is pertinent to
note that the data presented in the graph are confined to a limited temperature range, span-
ning from 30 °C to 150 °C, corresponding to a frequency range of 3.8042 GHz to 3.8107 GHz.
Within this range, sensitivity can be calculated as the change in frequency per unit degree
Celsius, computed as 0.6 MHz. Moreover, the graph facilitates the determination of the
correlation coefficient (R), which registers at 0.9743 at 3.8 GHz.
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Figure 5. Resonant frequency shift with increasing temperature along the patch width.

The findings highlight the proposed antenna’s potential as a sensitive thermal sen-
sor, with the ability to detect temperature changes through frequency shifts. Moreover,
the calculated sensitivities and correlation coefficients further validate the reliability and
effectiveness of the sensor for temperature monitoring applications.

An RMSA is fabricated and tested in a controlled environment in a heat chamber from
30 °C to 120 °C. The results obtained are presented in Figure 6.
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Figure 6. Resonant frequency shift with increasing temperature—experimental analysis.
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The same analysis is carried out over the width of the patch. The first resonance of the
patch shows a sensitivity of 0.04 MHz/°C and the second resonance shows a sensitivity of
0.06 MHz/°C. This provides an R? = 0.932 from the experiment during the first resonance
characterization. The results obtained experimentally are in good agreement with the
simulated ones.

6. Conclusions

This paper explores the utilization of Rectangular Microstrip Antennas (RMSAs) as
effective sensors for monitoring temperature changes in structures, focusing on structural
health monitoring. The core principle revolves around the frequency shift in a patch
antenna in response to shape variations caused by temperature changes. The design entails
crafting an RMSA sensor on an FR-4 substrate specifically engineered to operate at 2.4 GHz,
with simulations indicating that thermal-induced structural changes directly influence the
antenna’s reflection parameters.

The sensing principle depends on the observation that the frequency of the patch
antenna changes in accordance with the thermal expansion, offering a direct correlation
between frequency variation and the degree of thermal loading and potential structural
deformations. This insight presents a non-invasive method for tracking temperature fluc-
tuations in structures wirelessly, thus potentially obviating the need for wired sensors in
various scenarios. The applications of this technique span diverse domains, such as build-
ings, bridges, aircraft, and other structures, where temperature variations pose significant
concerns for structural integrity.

Furthermore, the paper emphasizes the cost-effectiveness and simplicity of the RMSA
approach for temperature sensing, suggesting its viability as a practical solution for
widespread implementation in structural health monitoring. By demonstrating the efficacy
of patch antennas as thermal sensors, this work paves the way for innovative avenues
in the realm of structural health assessment, promising exciting possibilities for future
applications and advancements in monitoring techniques.
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