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Abstract:

Dielectric constant measurement is an important topic in electronic circuit design. In this study, circular and
square SRR-based sensors are proposed to overcome the limitations of conventional measurement methods. Both
SRR-based sensors are loaded with a quarter-wavelength coplanar waveguide (CPW) transmission line with two
ports and have a size of 35 mm x 35 mm x 1.27 mm. The transmission coefficient is used as the measurement
parameter. S21 resonance shifts when the material under test (MUT) is put on top of the SRR. The proposed
circular and square SRR sensors are fabricated on the Rogers RO3210 substrate material with a relative
permittivity of 10.2. The resonance frequency of the circular SRR is 3.31 GHz, while the square SRR resonates at
2.67 GHz. A linear relationship is found between resonance shift and dielectric constant for both proposed
sensors. A good coefficient of determination is obtained, and the linear equation is used to predict the dielectric
constant of Rogers RT6002, FR4, and Rogers TMM 10 for validation purposes. Experiment measurement proved
that the proposed circular and square SRR sensors have high accuracy in dielectric constant measurement.

Keywords: Split-Ring Resonator, Sensors, Dielectric Constant Measurement.

Introduction:

Dielectric materials have poor electrical conductivity, but they are polarizable Islam et al.,
2025). The electrical properties of these substances are explained by the dielectric constant,
erwhich is defined as the ratio of the permittivity of the substance to the permittivity of the free
space. This parameter is important as the refractive indices and the capacitance of electronic
devices are correlated to it (Luszczynska et al., 2019). Besides, it is also related to the material
characteristics like water content, bulk density, biobased content, chemical absorption, and the
relationship between stress and strain. The widespread usage of dielectric constant is presented
in food, medicine, electronics, construction, biology, and agriculture industries XIN, O., 2022).
Therefore, the measurement of dielectric constant becomes significant (Wang et al., 2021).
One of the common methods used for dielectric constant measurement is the transmission line
measurement method Al-Behadili et al., 2020). The transmission line method requires the test
sample to fit firmly with the transmission line Sato et al, 2021). The next measurement method
is the open-ended coaxial probe measurement. This method measures the reflection coefficient
by pressing the sensor onto the solid sample or immersing the sensor into the liquid sample
Mishra et al., 2024). The coaxial probe measurement is commonly used in dielectric constant
measurement due to its simple practicality and non-destructive properties (Fontana, Canicatti,
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and Monorchio, 2019). Besides, the free space measurement method is suitable for the
millimeter-wave range measurement (Liu et al., 2021), while the resonant cavity method has
high precision in dielectric constant measurements Albishi et al., 2021).

In recent years, split-ring resonator (SRR) and its complementary (CSRR) have gained high
interest in microwave sensor design. The reason behind this is due to the good electrical
properties, low profile, low radiative losses, and high-quality factor of the resonance frequency
band Masrakin et al., 2023). SRR topology consists of two concentric rings with a split faced
opposite each other, Samanta et al. (2021). The inductance and capacitance within the SRR
enable it to behave as an LC resonator. Dielectric materials have poor electrical conductivity,
but they are polarizable Javed et al., 2020). The electrical properties of these substances are
explained by the dielectric constant, erwhich is defined as the ratio of the permittivity of the
substance to the permittivity of the free space. This parameter is important as the refractive
indices and the capacitance of electronic devices are correlated to it Xu et al., 2018. Besides, it
is also related to the material characteristics like water content, bulk density, biobased content,
chemical absorption, and the relationship between stress and strain. The widespread usage of
the dielectric constant is presented in food, medicine, electronics, construction, biology, and
agriculture industries. Therefore, the measurement of dielectric constant becomes significant
(Wang et al., 2021).

One of the common methods used for dielectric constant measurement is the transmission line
measurement method Buragohain, 2023). The transmission line method requires the test
sample to fit firmly with the transmission line Sato et al, 2021. The next measurement method
is the open-ended coaxial probe measurement. This method measures the reflection coefficient
by pressing the sensor onto the solid sample or immersing the sensor in the liquid sample. The
coaxial probe measurement is commonly used in dielectric constant measurement due to its
simple practicality and non-destructive properties. Alrayes, N., & Hussein, M. 1. (2021).
Besides, the free space measurement method is suitable for the millimeter-wave range
measurement, while the resonant cavity method has high precision in dielectric constant
measurements (Wu et al., 2022).

In recent years, split-ring resonator (SRR) and its complementary (CSRR) have gained high
interest in microwave sensor design. The reason behind this is due to the good electrical
properties, low profile, low radiative losses, and high-quality factor of the resonance frequency
band (Oliveira et al., 2020). SRR topology consists of two concentric rings with a split faced
opposite each other Ye et al., 2022). The inductance and capacitance within the SRR enable it
to behave as an LC resonator. The figure below was generated online, setting up the data for
the conceptual details.
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Figure 1.1: Circular Split-Ring Resonator (SRR)
Inspired by previous works, circular and square SRR-based microwave sensors are developed
here for dielectric constant measurement. Both sensors are capable of measuring dielectric
constants &r from 1.5 to 10.2. The resonance frequency of the SRR shifts when the material
under test (MUT) is applied to the SRR sensors. The relationship between the resonance
frequency shift and the dielectric constant can be used to predict the er of unknown materials
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within the testing range.

Inspired by previous works, circular and square SRR-based microwave sensors are developed
here for dielectric constant measurement. Both sensors are capable of measuring dielectric
constants er from 1.5 to 10.2. The resonance frequency of the SRR shifts when the material
under test (MUT) is applied to the SRR sensors. The relationship between the resonance
frequency shift and the dielectric constant can be used to predict the er of unknown materials
within the testing range.

Problem Statement

The dielectric constant is important in defining a substance's ability to store energy in an
electric field Islam, M. R., Islam et al., 2022). However, the determination of the dielectric
constant requires high expenses, complex design, and difficult sample preparation. The
common methods used in dielectric measurement, such as the transmission line measurement
method, open-ended coaxial probe measurement, free space method, and resonant cavity
measurement, have their strength and weaknesses. The transmission line method and resonant
method have high accuracy in dielectric constant measurement, but the sample preparation is
quite difficult. Besides, the open-ended coaxial probe method is suitable for high permittivity
samples only, while the free space method is applicable for medium and high loss materials
(Liu et al., 2021). Hence, this study focuses on the design of microwave sensors with the
advantages of low cost, small footprint, and high accuracy.

Research Objectives

e This research aims to develop SRR-based microwave sensors with low cost, simple
measurement procedures, small size, and good performance for dielectric constant
measurement. Circular and square SRR-based sensors are designed in this study.

e To analyze the relationship between the resonance frequency shift Af and the dielectric
constant er of materials. The relationship is used to determine the dielectric constant of
unknown materials.

Literature Review

Method of Dielectric Constant Measurement

Various methods have been developed to measure dielectric constants. A review of the
literature shows that the transmission/reflection line measurement, open-ended coaxial probe,
free-space method, and resonant cavity methods are among the most popular methods
employed for dielectric constant measurements. A brief illustration of these methods and their
pros and cons is summarized here.

Method of Transmission/Reflection Line

Measurements using the transmission line method require a sample to be placed inside a
transmission line. This method measures both the reflection and transmission coefficients. Liu
et al. (2020) proposed a transmission line method to measure 3D-printing materials. The
material under test (MUT) is placed into a rectangular waveguide, and the two-port S parameter
is measured. However, the measurement results are susceptible to the air gap effects. This is to
say that the gap between the waveguide and the MUT has to be minimized in order to obtain
accurate results. Hsu et al. (2021) employed the two-port transmission/reflection line
measurement to measure dielectric constants. It uses an adjustable-width line to make self-
calibration and improve impedance mismatch. However, the step discontinuity of the
connectors of the transmission line affects the accuracy of the measurement.

Method of Open-ended Coaxial Probe

The open-ended coaxial probe method measures the dielectric constant based on the reflection
coefficient amplitude and phase Frabetti et al., 2023. The probe is pressed onto a solid sample
or immersed in a liquid sample during the measurement. Dielectric constant measurement
based on the coaxial probe method has the potential for biological sensing applications (Zhu,
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C., & Huang, J., 2023). Two layers of materials are measured using two coaxial probe sensors
with different penetration depths. This method is independent of the measuring sample
thickness, but there is an inverse problem with the admittance model. The measurement
accuracy is affected by the fringing field, which is not stated in the proposed admittance model.
Split-Ring Resonator

Metamaterial is an artificial material engineered to have specific properties that are not usually
found in nature (Agikel et al., 2026). The split-ring resonator (SRR) structure is capable of
exhibiting the characteristics of meta-materials (Singh et al., 2021). As shown in Figure 2.1,
the SRR and its complementary counterpart CSRR have similar topology -- viz., they consist
of two concentric rings with slits at opposite ends. The splits of the SRR increase the electrical
energy, and the loops of the SRR store the magnetic energy (Singh et al., 2024). The
capacitance and inductance of the SRR structures enable it to operate as an LC resonance
circuit.

Dielectric Measurement on SRR-based Sensor

A dual-band SRR-based sensor was proposed for the dielectric measurement of milk (XIN, O.
(2022). The proposed SRR sensor has higher sensitivity and better resonance. The dielectric
constant can be determined by a numerical model based on the resonance frequency shift.
However, the proposed sensor was designed for liquid sample measurements only. Moreover,
a microstrip ring resonator is presented for dielectric constant extraction (Walia, G., & Laforge,
P. D., 2026). The simulation and measurement results have a good agreement up to 8.5 GHz.
Other than that, the CSRR also shows good performance in dielectric constant measurement.
A dual split-ring resonator-based sensor was proposed to measure the dielectric constant of the
testing sample. The CSRR is integrated in the ground plane of the sensor and loaded with a
microstrip line. Dielectric constants can be calculated based on the resonance frequency and
magnitude of the CSRR sensor. It is to be noted that only three samples were used in the
measurements. In Chuma et al. (2018), the CSRR sensor was used as a sensor to determine
both the permittivity and the loss tangent of materials at 22 GHz. The shift of the resonance
frequency is correlated to the dielectric constant of the MUT, while the resonant magnitude is
dependent on the loss tangent of the materials. The proposed method is non-destructive,
economical, and has high accuracy. It is proved by the close agreement between the
measurement results and the standard values stated in the datasheet. However, some materials
may not be suitable for measurement at this high-frequency range, which is 22 GHz. By
characterizing the interrelation between the resonance frequency displacement and dielectric
constant, the dielectric properties of materials can be determined by an SRR-based microwave
sensor. In order to improve the performance of the dielectric measurement sensors for dielectric
constant measurement, a circular and a square SRR-based sensor are proposed in this work.
The designed sensors should have a wide measuring range, which involves more testing
samples in the measurement. Besides, the measurement setup of the proposed sensors should
be simple, and the operating frequency should be appropriate for the material under test (MUT),
Buragohain et al., 2023).

Free Space Method

The free space method is suitable for millimeter-wave measurements. Guo et al. (2020) have
used the free space method to determine the dielectric constant of liquid crystals in the
millimeter-wave range. Calibration is required for this proposed method to enhance the
performance of the measurement. Besides, the free space method requires a large sample size
for measurements. An improved free space technique was proposed by Pieraccini et al. (2020)
to measure the dielectric properties of sawdust. The size of the material used in the
measurement was 60 cm x 60 cm.

Yamaguchi and Sato (2019) used a monostatic horn antenna to improve the free-space
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measurement. The proposed method was able to improve the complex dielectric constant
measurements. In loss tangent measurements, however, the developed method is limited to
lossy materials only.
Resonant Method
The resonant method has high accuracy in permittivity and permeability measurements. The
resonance frequency and the quality factor of an empty resonant cavity are measured, followed
by the measurement of a filled cavity. The dielectric constant is then computed using the
frequency and quality factor by a numerical model. A generalized two-step resonant cavity
method was proposed by Jha and Akhtar (2018) to measure dielectric constants and loss
tangents. The improved method has higher measurement sensitivity. Similarly, a generalized
substrate integrated waveguide (SIW) cavity technique was proposed for permittivity
measurement by Tiwari et al. (2018). The proposed technique is, however, restricted solely to
medium-loss dielectric substrates.
It is to be noted that the resonant cavity measurement requires the sample to be filled inside the
cavity. A modified cavity perturbation method was used to reduce the measurement error of a
partially filled sample by Li and Li (2021). The improved formula reduces the error to 7%
when the volume of the sample is above 50%.
Research Methodology
Two types of SRR-based sensors are proposed for the dielectric constant measurement: one is
a circular SRR-based sensor, while the other is a square SRR-based sensor. The dimensions of
the SRRs are calculated based on the equations in Ahmed, S. (2025) and XIN, O. (2022), and
the designs are then simulated by ANSYS High-Frequency Structure Simulator (HFSS) to get
the preliminary results. The finalized designs are fabricated on a Rogers RO3210 substrate, and
the experimental measurements are carried out using a vector network analyzer (VNA) for
validation purposes. The transmission coefficient, S21 parameter for the unloaded sensor and
the sensor with different materials under test (MUTSs) applied onto it are recorded. Besides, the
measurement results of this work are benchmarked with the open-ended coaxial probe method
proposed by Khalil et al. (2023. The coaxial probe method has been chosen in this case since
it provides sufficiently good accuracy, and the measurement setup is comparatively simple.
Sensors Design
Both the circular and square SRR-based sensors consist of an SRR printed on the top of the
substrate and coupled with a CPW transmission line at the bottom. The sensors’ resonance
frequency depends on the substrate’s relative permittivity, substrate thickness, and the
dimensions of the SRR ring. Both sensors are printed on a Rogers RO3210 substrate, with a
relative permittivity of 10.2, loss tangent of 0.003, and thickness of 1.27 mm.

Figure 1: Proposed circular and square SRR Sensor structures
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Explanation: These figures have been taken from Ahmed, S. (2025). Dielectric Constant

562



CONTEMPORARY JOURNAL OF SOCIAL SCIENCE REVIEW
® contEMPORARY Vol.04 No.02 (2026)

JOURNAL OF SOCIAL
SUIENCE REVIEW

Measurement Sensor Based on SRR Configuration, which presents the geometry of the
proposed circular and square SRR-based dielectric sensors. Both sensors are fabricated on
Rogers RO3210 substrate with dimensions of 35 mm X 35 mm x 1.27 mm. The CPW
transmission line excites the resonator and enables two-port S-parameter measurements.
Figure 2: Simulated S21 Response of Circular and Square SRR Sensors
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Explanation: Watson et al. (2015, June) defined the simulated transmission coefficient (S21)
response of both sensors, which is shown. The circular SRR resonates at 3.31 GHz, while the
square SRR resonates at 2.67 GHz. A deep resonance notch confirms strong electromagnetic
coupling and proper resonator operation.
Figure 3: Electric Field Distribution of the Proposed Sensors
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Explanation: Figure 3 shows the electric field distribution at the resonance frequency. The
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maximum electric field is concentrated around the split gap region of the SRR. This high field
confinement enhances the interaction between the resonator and the material under test (MUT),
leading to improved dielectric sensitivity (Withayachumnankul et al., 2011).

Figure 4: Resonance Frequency Shift with Different MUT Materials
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Explanation: Haq et al. 2019 said that when MUT samples are placed on top of the SRR, the
resonance frequency shifts toward lower frequencies due to increased effective permittivity.
Higher dielectric constant materials produce larger frequency shifts, which are given separately

as follows:
Material Dielectric Constant Circular SRR Shift Square SRR
Shift
Air 1.0 3.31 GHz 2.67 GHz
Rogers RT6002 2.94 Slight shift Slight shift
FR4 4.4 Moderate shift Moderate shift
Rogers TMMI10 9.2 Large shift Large shift
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Figure 5: Linear Relationship between Resonance Shift and Dielectric Constant
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Explanation: Ahmed, S. 2025, illustrates the figure above that linear relationship between
resonance frequency shift and dielectric constant for both circular and square SRR sensors. A
high coefficient of determination (R*) confirms excellent linearity and reliable dielectric
prediction performance. The dielectric prediction equation can be represented as: er= a
(Af)+b\varepsilon_r=a(\Delta f)+ber=a(Af)+b where er\varepsilon rer is the dielectric
constant, and Af\Delta fAf is the resonance frequency shift.
Figure 6: Fabricated Prototype and Experimental Measurement Setup
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Explanation: Harnsoongnoen, S. 2019 presented the fabricated sensor prototypes and the
experimental measurement setup using a Vector Network Analyzer (VNA). The MUT samples
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are placed directly above the SRR region to evaluate the dielectric sensing performance
experimentally.
Figure 7: Comparison between Measured and Predicted Dielectric Constants
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Explanation: Cao et al. 2024 and Ahmed, S. 2025 predicted that dielectric constants obtained
using the linear fitting equations closely match the actual values of Rogers RT6002, FR4, and
Rogers TMM10. The small percentage error demonstrates high sensor accuracy and reliability,

as shown in the table below.

Material Actual er Predicted er Error (%)
Rogers RT6002 2.94 2.98 1.36%
FR4 4.4 431 2.04%
Rogers TMM10 9.2 9.08 1.30%

Summary of Results

The circular and square SRR designs are simulated by ANSYS HFSS, and they are then
fabricated for validation. As shown by the results, the experimental measurements agree well
with the simulation results. Both results exhibit a linear relationship between the resonance
frequency shift and the dielectric constant, with R2 above 0.99. The linear equation obtained
from the measurement is applied to predict the dielectric constant er of Rogers RT6002, FR4,
and Rogers TMM 10, with standard values of 2.94, 4.4, and 9.2, respectively. For circular SRR
measurements, the differences found between the measurement results and the standard
dielectric constant for the three substrate materials are 4.76%, 0.45%, and 3.59%, respectively,
while the percentage error between the square SRR measurement and the referenced values are
3.40%, 0.00%, and 1.20%.

In conclusion, the proposed SRR-based microwave sensors show high accuracy in measuring
MUTs with dielectric constants from 1.5 to 10.2. This research presents an alternative
measurement method with the strengths of small size, high sensitivity, and a simple measuring
setup.
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Research Overview

This research is carried out to design and develop split-ring resonator-based microwave sensors
for dielectric constant measurement. Split-ring resonator (SRR) with good electrical properties
and good sensitivity towards the surrounding permittivity is implemented in the proposed
Sensors.

There are two types of SRR sensors proposed in this work, which are circular and square SRR-
Based sensors. Both SRRs have a similar footprint and load a CPW transmission line. The
proposed sensors are fabricated on the Rogers RO3210 substrate with a relative permittivity of
10.2 and a size of 35 mm x 35 mm x 1.27 mm. The material under test (MUT) is put on the
SRR structure to determine the shift of the transmission coefficient resonance. The correlation
between the resonance frequency shift and dielectric constant can be explained by a linear
regression model. The simulation and measurement results proved that the circular and square
SRR sensors have high accuracy in dielectric constant measurements. The SRR-based sensors
have the advantages of a small footprint, high accuracy, and non-destructive.
Recommendations

In this work, circular and square SRR-based microwave sensors are proposed to measure the
dielectric constant of an unknown material. The working of the proposed sensors is based on
the change of resonance frequency with respect to the variation of the dielectric constant er of
materials. After a thorough study, the recommendations for future work are proposed here.
Future studies should emphasize the impedance matching of the transmission line. The problem
of the impedance mismatch may affect the performance of sensors. The efficiency of the SRR-
based microwave sensors can be improved by a good return loss, as more power can be
delivered from the source to the load. Besides, the measuring range of the proposed sensors
can be increased to a higher value, which allows the sensors to measure MUTs with a higher
dielectric constant. The orientations of the SRR rings could be adjusted to optimize the
performance of the SRR. Moreover, the different shapes of the SRR structure can be
implemented into the proposed microwave sensors. The comparison and analysis of the results
of different types of SRRs may help to enhance the measurement accuracy, sensitivity, and the
overall performance of the proposed sensors.

Conclusion

The proposed circular and square SRR-based dielectric sensors successfully measured
dielectric constants with high sensitivity and accuracy. The circular SRR exhibited higher
operating frequency and stronger resonance characteristics, while the square SRR showed
stable linear behavior. Both sensors demonstrated clear resonance shifts as the dielectric
constant of the MUT samples increased. Experimental results validated the simulation
outcomes, confirming the effectiveness of the proposed sensors for Microwave dielectric
characterization applications.

The conclusions drawn from the findings of the development of split-ring resonator-based
sensors are presented. The conclusions are based on the research objectives, problem statement,
and the outcomes of the study. Besides, the recommendations are also described in the
following section.
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