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ABSTRACT

This work presents the design, simulation, and experimental validation of a compact single-port microwave sensor based on substrate
integrated waveguide technology. The proposed sensor consists of a circular resonant cavity implemented in a substrate integrated wave-
guide, with a rosette-shaped slot etched into the top copper layer to enhance electric field confinement in the sensing region. This config-
uration enables the accurate characterization of low-permittivity materials in the X-band frequency range. The reflection response S11 of
the sensor is analyzed for various materials, including air, Teflon, and Plexiglas. The results show a clear resonance frequency shift
depending on the permittivity of the material, with measured sensitivities of about 5.85% for Teflon and 3.65% for Plexiglas. The pro-
posed structure shows good agreement between the simulation and the measurement results, as well as non-destructive characterization
of dielectric properties, as the material under test is not physically or chemically altered during the measurement process.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0280603

I. INTRODUCTION

Microwave sensors have become an important technology
for accurately characterizing dielectric materials due to their non-
destructive nature, compact design, and real-time measurement
capabilities.1 These sensors are used in various fields, such as food
safety, biomedical diagnostics, materials science, and industrial
processing.2–4 Among the various techniques available for permittiv-
ity estimation, resonance methods have been widely adopted due to
their superior sensitivity and accuracy compared to broadband alter-
natives.5,6 Substrate Integrated Waveguide (SIW) technology has
emerged as a powerful solution that integrates waveguide performance
into a planar structure.7 SIW sensors offer significant advantages, such
as low loss, high quality factors, ease of integration, and compatibility
with printed circuit technology, making them particularly suitable
for dielectric characterization in the GHz range.8 Operating in the
300MHz to 300 GHz frequency range, microwave sensors based on
SIW technology may offer unique capabilities, such as all-weather
functionality and the ability to operate through various materials.9

Recent research has focused on optimizing sensor topologies
and excitation mechanisms to enhance sensitivity, resolution,
and miniaturization. Microwave sensors incorporating resonators,
such as split-ring resonators (SRRs), complementary SRRs (CSRRs),
and other metamaterial-inspired structures, have demonstrated
improved electric field confinement, enabling high sensitivity
to variations in the dielectric properties of the material under
test.4,5,10 The techniques involving CSRR configurations have shown
significant improvements in field confinement and sensing capabili-
ties for both solid and liquid materials. Furthermore, machine learn-
ing approaches, such as Artificial Neural Networks (ANNs), have
been introduced to reconstruct permittivity from resonant parame-
ters, enhancing accuracy and expanding applicability.11

The objective of this work is to design and develop a compact
microwave sensor based on SIW technology for the accurate char-
acterization of dielectric materials. The proposed sensor consists of
a circular SIW resonant cavity, with a rosette-shaped slot etched
into the top metal layer to enhance sensitivity and improve field
interaction with the material under test.12
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In addition, the long-term goal of this research is to extend
the capability of the sensor to the characterization of different types
of materials, including powders and liquids. This would increase
the range of applications in areas, such as chemical sensing, bio-
medical diagnostics, and industrial quality control. The integration
of such microwave sensing systems with emerging technologies,
including artificial intelligence and Internet of Things (IoT) plat-
forms, offers promising avenues for real-time monitoring and intel-
ligent sensing in complex environments.

II. DESIGN AND SIMULATION OF THE PROPOSED
SENSOR

The sensor is developed using SIW technology, carefully
dimensioned to ensure high-performance S11 parameter measure-
ments. Its compact footprint is defined by the substrate dimensions
A� B, where A ¼ 16:5mm and B ¼ 23:65mm, as illustrated in
Fig. 1. A microstrip feed line of length Lm ¼ 4:8mm transitions
into a tapered section of length Lt ¼ 3:87mm to facilitate smooth
impedance matching. This transition enables mode conversion
from the quasi-TEM mode of the microstrip line to the transverse
electric (TE) mode supported by the SIW structure, minimizing
reflection losses and enhancing the energy transfer into the cavity.

The tapered section leads to a circular SIW resonant cavity
with a radius R ¼ 8:25mm, placed within the substrate as shown
in Fig. 1. At the center of this cavity lies a four-arm rosette-shaped
slot, depicted in Fig. 2, patterned on the top metal layer. Each reso-
nator arm has width W ¼ 0:8mm, follows an arc of radius
R ¼ 2mm, and subtends an angular span of α ¼ 180�. The arc
length L is related to the angular span by α ¼ L

R.
13

The circular geometry of the cavity is selected for its superior
electromagnetic characteristics. Compared to the alternative cavity
shapes,14 it offers a more symmetric and uniform electric field distri-
bution, reducing edge diffraction and enhancing field confinement
near the center of the structure. This symmetry improves energy cou-
pling to the resonator arms, leading to a higher quality factor (Q)
and enhanced sensitivity to the variations in the dielectric properties.

The sensor is fabricated in a two-layer structure. The bottom
layer comprises a full rectangular ground plane, while the top metal
layer houses the rosette-shaped slot and feed line structures.
The substrate used is Rogers RT/Duroid 4003, known for its low
dielectric loss and stable electromagnetic performance at microwave

frequencies. The total height of the substrate is denoted by
H ¼ 1:52mm, and the complete design is characterized by the trans-
mission line lengths Lt and Lm, along with the overall footprint
A� B. Figures 1 and 2 illustrate the complete sensor layout and the
detailed geometry of the resonator, respectively.

The sensor was modeled and analyzed using ANSYS HFSS to
evaluate its performance in both empty and loaded configurations
with different dielectric materials. The simulation environment was
set up to study the behavior of the reflection coefficient (S11),
which is highly sensitive to the electromagnetic interaction between
the sensor and the material under test.

To evaluate the sensitivity of the proposed SIW sensor to the
variations in the dielectric properties, a parametric study was per-
formed by varying the relative permittivity (εr) of the material
under test (MUT). Sensitivity, in this context, refers to the ability
of the sensor to detect small changes in permittivity by observing
the corresponding shifts in the resonant frequency. The permit-
tivity values were swept from 1.0 to 3.2 in 0.2 increments, allow-
ing a detailed examination of how the resonant response of the
sensor evolves with respect to the variations in εr . The obtained
results are depicted in Fig. 3.

The simulated electric field distributions presented in Fig. 4
demonstrate the sensing behavior of the proposed structure at
the resonance frequency and under an off-resonance condition.
As shown in Fig. 4(a), the electric field is strongly confined around
the rosette-shaped slot located at the center of the circular SIW cavity.
This confinement significantly enhances the interaction between the
resonant mode and the material under test. The sensor configuration
maximizes the field intensity within the sensing region, enabling high
sensitivity to dielectric perturbations.

In contrast, Fig. 4(b) illustrates the field distribution at
9.75 GHz (off-resonance), where the field is notably weaker and
less concentrated. This reduced confinement minimizes the interac-
tion with the material under test, confirming the sensor’s frequency-
selective behavior.

Here, it is important to recall that the sensor configuration,
which integrates a rosette-shaped slot into a circular SIW resonant
cavity, provides good electric field confinement in the sensing
region, enhancing the sensitivity to dielectric perturbations. As the
dielectric constant (εr) of the MUT increases, the effective permittiv-
ity surrounding the resonator also increases, which causes the phase
velocity of the guided wave to decrease and the resonant frequency
to shift downward. These shifts are captured by the S11 parameter,
with the resonance dips marking the frequencies of interest.

FIG. 1. 3D view of the full SIW sensor structure.

FIG. 2. Geometry of the rosette-shaped slot with four curved arms.

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 138, 074503 (2025); doi: 10.1063/5.0280603 138, 074503-2

© Author(s) 2025

 28 August 2025 07:39:50

https://pubs.aip.org/aip/jap


The simulation results shown in Fig. 3, along with the values
summarized in Table I, clearly confirm the sensor sensitivity to the
variations in the dielectric constant. As εr increases from 1.0 to 3.4,
the resonant frequency shifts down from 10.10 to 8.80 GHz,

indicating a good correlation between material permittivity and the
resonant response. At the same time, the notch depth becomes pro-
gressively shallower, reflecting a decrease in coupling efficiency and
an increase in dielectric losses.

The plot in Fig. 5 shows the resonant frequency vs the dielec-
tric constant of the MUT. The plot shows monotonic and nearly
linear behavior over the frequency range studied, confirming the
ability to use this relationship as a calibration basis for permittivity
estimation. The observed sensitivity to small permittivity variations
highlights the ability of the sensor to accurately discriminate
between materials.

These results validate the effectiveness of the proposed
sensor, which is based on a circular SIW resonant cavity with a

FIG. 3. Simulated S11 for MUT with varying εr .

FIG. 4. Simulated electric field magnitude distribution of the proposed sensor:
(a) at 10.10 GHz (on-resonance) and (b) at 9.75 GHz (off-resonance).

TABLE I. Resonance behavior as a function of the dielectric constant of the
material under test.

Dielectric constant Resonance frequency Notch depth
εr of MUT (GHz) (dB)

1.0 10.10 −26.35
1.2 9.90 −24.05
1.4 9.80 −23.43
1.6 9.70 −18.16
1.8 9.60 −15.96
2.0 9.50 −13.11
2.2 9.40 −11.37
2.4 9.30 −09.54
2.6 9.20 −08.60
2.8 9.10 −07.47
3.0 9.00 −06.15
3.2 8.90 −05.31
3.4 8.80 −04.22
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rosette-shaped slot, for accurate, real-time dielectric characteriza-
tion in the X-band frequency range.

A calibration equation was derived from the simulation results
to describe the observed linear behavior in Fig. 5 quantitatively.
The relationship between the resonant frequency fr (in GHz) and the
relative permittivity εr of the material under test was modeled using
least squares linear regression, yielding the following expression:

fr ¼ �0:516 � εr þ 10:544: (1)

This analytical expression allows the dielectric constant of an
unknown material to be estimated directly from its measured reso-
nant frequency. By inverting the equation, the relative permittivity
can be calculated as

εr ¼ 10:544� fr
0:516

: (2)

III. EXPERIMENTAL MEASUREMENTS

A. Dielectric characterization and permittivity
estimation

The proposed sensor was fabricated after the completion of
the HFSS design and the optimization process, as shown in Fig. 6.
To validate the electromagnetic model, a comparison between the
simulated and measured reflection coefficients (S11) for the sensor
was performed.

As shown in Fig. 7, which illustrates the variation of S11 vs
frequency, the resonance frequency and the overall shape of the
response curves exhibit good agreement between the simulation
and the measurement.

FIG. 5. Dielectric constant of MUT vs the resonance frequency of the sensor.

FIG. 6. Top view of (a) the fabricated SIW sensor with rosette and (b) the
sensor with a sample of the material under test.
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To ensure the robustness of the proposed design, we analyzed
the impact of minor fabrication tolerances and concluded that the
differential frequency responses between the unloaded and loaded
configurations are largely preserved. This confirms that the sensing
mechanism is effective and reliable, despite the typical manufactur-
ing variations.

The validated sensor was experimentally tested with three
dielectric materials: air, Teflon, and Plexiglas, using a calibrated
vector network analyzer (VNA). Each material was successively
positioned over the sensing area of the fabricated device as presented

in Figs. 1 and 6(b), and the reflection coefficient (S11) was measured
over the X-band frequency range. The measured responses, shown in
Fig. 8, exhibit significant resonance frequency shifts corresponding to
each material, confirming the sensitivity of the sensor to the varia-
tions in the dielectric constant.

To evaluate and quantify the response of the proposed sensor
to different dielectric materials, a parametric simulation study was
previously conducted by varying the relative permittivity (εr) of the
material under test. As reported in Table I, increasing the permit-
tivity resulted in a systematic downward shift in the resonance

FIG. 7. Comparison of the simulated and measured S11 for the empty sensor.

FIG. 8. Measured S11 for air, Teflon, and Plexiglas using the fabricated sensor.
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frequency, along with a gradual decrease in the notch depth. This
trend can be attributed to the rise in effective permittivity within
the sensing region, which modifies the phase velocity and alters the
resonant behavior of the SIW cavity.

Using the linear model previously derived to describe the
dependence of the resonant frequency on the material (εr), the
dielectric constants of air, Teflon, and Plexiglas were estimated
from their measured responses, as shown in Fig. 5.

The observed frequencies 10.10 GHz for air, 9.50 GHz for
Teflon, and 9.03 GHz for Plexiglas were inserted into the calibration
equation to compute the corresponding permittivity values. The esti-
mates obtained were approximately 1.00 for air, 2.02 for Teflon, and
2.94 for Plexiglas, which are in excellent agreement with the values
reported in the literature. This close match validates both the accu-
racy of the simulation-based model and the practical effectiveness of
the sensor design for dielectric characterization.

B. Sensitivity and accuracy analysis

The sensitivity of the sensor was numerically evaluated by
analyzing the relative shift in the resonant frequency when transi-
tioning from air to each material under test using the mathematical
expression proposed in Ref. 15,

Sεr ¼
f0 � fr

f0(εr � 1)
� 100, (3)

where f0 is the resonance frequency with air, fr is the resonance fre-
quency with the material under test, and εr is the known relative
permittivity.

The sensitivity for Teflon (εr � 2:02) was calculated to be
approximately 5.85%. For Plexiglas (εr � 2:94), the sensitivity was
found to be about 3.65%. These results demonstrate that the sensor
maintains high sensitivity, particularly for low-permittivity
materials.

A comparative overview with the other published microwave
sensors is listed in Table II, confirming the competitiveness of the
proposed design in sensitivity, where the bold value indicates the
sensitivity obtained in this work.

IV. SUMMARY AND CONCLUSIONS

The proposed microwave sensor, based on a circular SIW reso-
nant cavity with a rosette-shaped slot etched into the top copper
layer, enables the estimation of the dielectric constant of various
materials within the X-band frequency range. The experimental

results show good agreement with electromagnetic simulations, val-
idating the proposed design. This agreement between the measured
and simulated responses confirms the ability of the sensor to detect
permittivity variations with good sensitivity. Its small size, compati-
ble fabrication, and accurate operation in the X-band frequency
range make it a promising candidate for practical applications in
low-cost, high-resolution materials sensing.
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