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ABSTRACT: This paper presents the development of a low-frequency dual-port microwave sensor designed for permittivity detection in
both solid and biological materials. The sensor integrates a circular split-ring resonator (CSRR) with an electric field coupled (ELC)
structure on a planar dielectric substrate, resulting in a compact and simple architecture that supports ease of fabrication and low-cost im-
plementation. Operating at a resonant frequency of 0.86 GHz, the sensor is particularly suitable for characterising biological samples such
as meat, fish, squid, and chicken, as lower frequencies offer deeper penetration and better interaction with high-loss biological tissues.
Validation through full-wave simulation and experimental measurement confirms the sensor’s capability to detect permittivity variations
across a wide range of materials. A polynomial fitting model is employed to extract permittivity values based on resonance frequency
shifts, achieving accurate results with a maximum error below 7% and overall accuracy exceeding 93%. The device demonstrates reliable
performance in estimating permittivity values from e, = 1-9.8, including unknown biological samples with normalized sensitivity of
0.02% and frequency detection resolution 0.019 GHz. Measurements show clear frequency shifts that correlate with dielectric changes,
and the experimental results align closely with the simulation data. The simple structure of the sensor also supports straightforward
integration with common measurement instruments such as vector network analysers, making it practical for real-time monitoring and
portable applications. The low operating frequency combined with the straightforward design provides an effective solution for applica-
tions requiring the permittivity detection of lossy, heterogeneous, or biological materials. This work contributes a feasible and efficient
sensor platform for the use in medical diagnostics, food quality inspection, and other industrial contexts where reliable, low-cost dielectric
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sensing is essential.

1. INTRODUCTION

icrowave sensors are often used for material characteriza-

tion in various fields, such as food manufacturing, med-

ical applications, and industrial environments [1-3]. The mi-
crowave sensor will respond to the material depending on its
permittivity [4,5]. The tested solid material (Sample Under
Test) is placed in the highest electric field in the resonator struc-
ture, which is the sensing area of the microwave sensor [6, 7].
Microwave sensors have the advantage of high performance in
terms of accuracy and sensitivity [8]. In the microwave sensor,
the parameters that need to be considered to determine the per-
formance of microwave sensors are frequency detection resolu-
tion (FDR), average accuracy, and normalized sensitivity (NS).
Previous works are mostly confined to solid, semi-solid ma-
terials [9, 10] and lack adaptability for organic or biological
samples. A previous work [9] on the detection of solid material
uses a resonator structure based on a U-shaped resonator, yield-
ing FDR 0f 0.009 and 0.043, average accuracies of 99.02% and
96.44%, and NS values of 1.072% and 1.150% for each area,
respectively. Another work [10] for detecting semi-solid ma-
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terial using a triple-ring CSRR structure sensor yields an FDR
of 0.042, an average accuracy of 96%, and an NS of 0.003%.
However, they are limited to solid materials with known per-
mittivity and do not support the detection of biological materi-
als such as meat, fish, squid, and chicken. To address these
limitations, this work proposes a novel dual-port microwave
sensor design based on a circular split ring resonator with an
electric field coupling mechanism. The circular split ring res-
onator (CSRR) structure of microwave sensors provides a flex-
ible platform for building topological structures with complex
coupling distributions, enabling electromagnetic wave control
[11,12]. In addition, the utilization of the resonator’s electric
field coupled (ELC) structure is used to create an inductive arm
and concentrate the electric field in the specific sensing area
location. This makes them highly sensitive to dielectric pertur-
bations, such as changes in permittivity near the sensor [13].
Moreover, to detect the permittivity of biological materials, the
designed microwave sensor will have a low frequency. Low
frequencies have more penetration inside the tissues than higher
frequencies due to the inherent conductivity of biological tis-
sues [14].
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FIGURE 1. Proposed scenario for permittivity detection based on a microwave sensor.

The main contributions of this paper include the introduc-
tion of a novel planar resonator design that can detect the per-
mittivity of solid materials and biological materials. The pro-
posed sensor features a compact and straightforward architec-
ture based on complementary split-ring resonator (CSRR) and
electric field coupled (ELC) structures, which simplifies the
fabrication process and reduces implementation costs.

Moreover, the design operates at a relatively low frequency,
making it well suited for characterising biological materials
due to improved field interaction. This combination of struc-
tural simplicity, affordability, and frequency suitability offers
a promising solution for practical microwave sensing applica-
tions.

2. WORKING PRINCIPLE OF MICROWAVE SENSOR
FOR PERMITTIVITY DETECTION

Figure 1 presents the proposed measurement setup for per-
mittivity detection utilizing a microwave sensor. The system
comprises three main components: a Vector Network Analyzer
(VNA), a microwave resonator-based sensor, and a personal
computer (PC) for data visualisation and analysis.

The VNA, connected to the sensor via coaxial cables at Port 1
and Port 2, injects and receives microwave signals across a fre-
quency range. The PC receives the scattering parameters (S-
parameters), particularly Sa1, via a USB interface. Any varia-
tion in the dielectric properties of the Sample Under Test (SUT)
placed on the sensor leads to a shift in the resonance frequency,
as illustrated in the S-parameter plot shown on the PC dis-
play. The red-shifted curve indicates the effect of permittivity
change.

The microwave sensor comprises a resonator featuring a cir-
cular split ring structure and an electric field coupled design,
fabricated on a dielectric substrate with a conductive patch and
a ground plane. The sensing mechanism relies on the strong
electric field concentration within a designated sensing area, as
depicted in the electric field distribution map. This concentra-
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tion ensures high sensitivity to variations in the permittivity of
the SUT. The sensing area of the proposed sensor was deter-
mined based on the location of the maximum electric field of
the resonator, which is concentrated at the centre of the struc-
ture featuring a back-arrow structure. This back-arrow struc-
ture was introduced to enhance both the electric field intensity
and the effective sensing area of the sensor.

Figure 2 provides a detailed structural view of the planar mi-
crowave sensor used for permittivity detection. The sensor is
fabricated on a dielectric substrate with a thickness ~ of 1.6 mm
that includes a resonator, feedline, and connectors for signal
transmission.

Connector
SUT P
Feedline P2
Feedline
N
4 Resonator

P1 y (" h

¥ 4

Substrate Groundplane

FIGURE 2. Detailed structure of the planar microwave sensor.

The SUT is placed directly above the resonator, where the
electric field is maximally confined. The resonator is coupled
to the input and output ports (P1 and P2) via feedlines, which fa-
cilitate microwave transmission. These feedlines are connected
to SMA connectors, enabling integration with the VNA.

The resonator geometry and its interaction with the SUT are
critical to the sensor’s functionality. When the SUT is intro-
duced, it perturbs the resonant frequency due to its dielectric
properties, enabling permittivity estimation based on the ob-
served frequency shift.

The combination of the electromagnetic field simulation and
physical sensor layout ensures a highly sensitive and compact
solution for material characterisation in the microwave regime.
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FIGURE 3. Design and analysis of the proposed microwave sensor; (a) geometry and dimensional parameters of the proposed sensor, (b) simulation
setup for S1; and S2; measurement, (c) equivalent circuit model, (d) simulated reflection coefficient (S21) of the proposed sensor.

3. DESIGN AND SIMULATION

3.1. Design and Structure of Proposed Microwave Sensor

The proposed microwave sensor is designed using an FR4 type
substrate with dielectric constant (¢,.) of 4.3, loss tan (tanJ)
of 0.0265, and thickness (h) of 1.6 mm. Furthermore, the sen-
sor is modelled and simulated using High Frequency Structure
Simulator (HFSS) 15.0 to observe the performance of the pro-
posed resonator. The proposed sensor is developed based on
a resonator with a two-port configuration (P1 and P2) of an
impedance of 50 {2 connected to a microstrip transmission line.
In addition, the equivalent circuit with R, L, and C components
is also proposed and compared with Finite Element Modelling
(FEM) simulation to confirm the performance of the proposed
resonator. The structure and simulation results of the proposed
sensor are shown in Fig. 3.

Figure 3(a), the physical layout of the sensor, comprising a
planar resonator structure implemented on a dielectric substrate
(light pink). The conductive traces, made of copper (orange),
include a back-arrow structure (S; and Ss) symmetrically po-
sitioned inside a circular resonator of radius R,;. These patches
are connected to feedlines (L;—L¢), which guide the radio fre-
quency (RF) signal between Port 1 (P1) and Port 2 (P2). The
substrate is supported by a ground plane, and brass connectors
are used for interfacing with external measurement equipment.
The arm length of the CSRR structure for a given resonant fre-
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quency can be determined using Equation (1) as follows [15]:

1

= 72\/ggff X E (1)

where [ is the total length of the resonator in millimeters (mm),
c the speed of light in free space (approximately 3 x 10% m/s),
eop the effective permittivity of the substrate, and f, the desired
resonant frequency in gigahertz (GHz).

The substrate dimensions and dimensional details on the cop-
per parts of the microwave sensor are provided in Table 1.

TABLE 1. Dimensions of the proposed microwave sensor.

Parameters Dimension (mm)
Wy — Ly 50
W, 3
L3 10
L4 4.5
Lss¢ 14.5
S1 10
Sa 9
Wy
Ry 40

WWwWw.jpier.org



rPIERM

Kusumah et al.

(a) Maod l1
P2
o
P1
2
1 P1
Model 2 Model 3
0.001

Model 1

......... S 21 Model 1
— —-~$21Model 2
25 ———S$ 21 Model 3
0.6 0.8 1 1.2 1.4
Frequency (GHz)
kV/m

Model 2

Model 3

FIGURE 4. Comparison of resonator structures and electric field distributions; (a) development model of the microwave sensor, (b) simulated S2;
parameters of the three structures, (c) electric field distribution of the microwave sensor.

Figure 3(b) shows the S-parameter (scattering parameter) re-
sponse of the sensor obtained from full-wave simulation, where
So1 and Sy are plotted over the frequency from 0.6 GHz to
1 GHz. Parameter Sy, is at a frequency of 0.82 GHz, and pa-
rameter S1; is at a frequency of 0.78 GHz. This finding in-
dicates that the proposed resonator has low-pass characteris-
tics. The inset highlights the sensor structure with a back-
arrow design and the location of the excitation ports (Port 1 and
Port 2). The dip in S;; at the same frequency confirms proper
impedance matching. Additionally, the graph demonstrates the
sensor’s low-pass filter behaviour, as it exhibits high transmis-
sion at lower frequencies, followed by a rapid attenuation be-
yond the resonance point. This filtering effect shows that the
structure effectively allows low-frequency signals to pass while
suppressing higher-frequency components.

Moreover, Fig. 3(c) illustrates the lumped-element equiva-
lent circuit (EQC) model that replicates the electromagnetic be-
haviour of the designed resonator structure. The circuit com-
prises multiple inductors and capacitors strategically arranged
to emulate the distributed effects of the physical resonator. No-
tably, each section of the resonator is represented by series and
parallel RLC components to account for both the transmission
line characteristics and localized resonant phenomena. The use
of standard 50 Q2 ports (Port 1 and Port 2) ensures impedance
matching with the external system. This circuit abstraction pro-
vides a practical approach for initial design estimation, enabling
efficient parametric tuning and analytical insight into the res-
onator’s performance. Details of each RLC component in the
EQC circuit are provided in Table 2.

Furthermore, Fig. 3(d) compares the simulated transmis-
sion coefficient So; responses obtained from the finite ele-
ment method (FEM) full-wave simulation and EQC model. As
shown, both results display a prominent resonance dip occur-
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TABLE 2. Details of the RLC component for equivalent circuit of pro-
posed sensor.

Component Value Component Value
Zy2 5002 Lg 0.0532nH
Rl 50 Q L9.10 1nH
L1 5.092nH L11 5.31nH
L 2.35nH L 46.5nH
Ls 0.97nH Ly 3.9nH
L4 0.69nH 01,3,4,6,7,9 1 pF
Ls 0.0196 nH C, 0.3 pF
Ls 0.359nH Cs 11.6 pF
Ly 7.85nH Cs 8.4pF

ring at approximately the same frequency, affirming that the
EQC model accurately captures the essential resonant charac-
teristics of the physical structure. While excellent agreement is
observed in the vicinity of the resonance, minor discrepancies
appear at off-resonance frequencies. These deviations can be
attributed to idealizations in the EQC, such as neglecting higher
order parasitic and radiation effects, which are inherently cap-
tured in the FEM simulation. Nevertheless, the overall correla-
tion validates the efficacy of the EQC model as a reliable and
computationally efficient surrogate for the full-wave model.

3.2. Development of Microwave Sensor

The proposed sensor is developed in three different models to
observe the performance and determine the location of the sens-
ing area of the sensor as shown in Fig. 4(a). Model 1 represents
the base design, consisting of a standard circular resonator with-
out any added structures in the sensing area. Model 2 incor-
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porates a narrow strip placed centrally within the sensing area,
designed to alter the electric field distribution and improve sen-
sitivity. In contrast, Model 3 introduces a back-arrow-shaped
structure in the same region, intended to maximise electric field
confinement and strengthen capacitive coupling with the mate-
rial under test. All three models share the same overall layout,
including coaxial feeding at Port 1 and Port 2, ensuring a fair
comparison of their respective electromagnetic performances.

Moreover, Fig. 4(b) represents the transmission coefficient
(S>1) of each model plotted over the frequency range of 0.6
to 1.4 GHz. The results reveal clear performance differences
among the models. In Model 1, the resonant frequency is
1.09 GHz, Model 2 shifted to 1.02 GHz, and Model 3 shifted to
1 GHz. Model 1 shows a shallow resonant dip with relatively
wide bandwidth, indicating limited sensitivity and weaker res-
onance behaviour. Model 2, enhanced by the inclusion of
the central strip, displays a more pronounced resonant notch,
signifying improved field interaction and narrower bandwidth.
Model 3, featuring a back-arrow structure, exhibits the deepest
and sharpest S5; dip among all models, confirming a stronger
resonance and higher sensitivity. The resonant frequency shifts
and resonance depth observed validate the influence of struc-
tural loading in the sensing area, with Model 3 demonstrating
superior performance due to its optimised field confinement
and coupling effects.

The electric field distribution of each model at its respec-
tive resonant frequencies is visualised in Fig. 4(c). The field
maps show the magnitude of the electric field in a colour-coded
scale ranging from 0.001 kV/mto 3 kV/m. In Model 1, the elec-
tric field is relatively dispersed, with moderate intensity around
the sensing area. Model 2 shows a more focused electric field
concentrated near the strip structure, leading to improved inter-
action with the sample. Model 3 exhibits the highest electric
field intensity and the most localised field distribution, espe-
cially around the back-arrow structure. This strong field con-
finement directly correlates with the sensor’s enhanced perfor-
mance in terms of sensitivity and permittivity detection. The
simulation results confirm that introducing tailored structures
within the resonator’s sensing region significantly impacts the
electromagnetic behaviour, making Model 3 the most efficient
design for high-resolution sensing applications.

3.3. Simulation of Microwave Sensor for Detection of Permit-
tivity in the Range 1--10

Next, a simulation of sample permittivity detection is proposed
using HFSS 15.0 where the sample is placed directly above the
surface of the sensing area. Fig. 5(a) presents the sensor con-
figuration where a rectangular Sample Under Test (SUT) with
dimensions 15 x 10 x 1mm, labeled a, b, and thickness ¢, is
placed over the sensing area of the resonator. The resonator
structure is realised using a copper pattern on a dielectric sub-
strate with a ground plane beneath. The resonator is excited by
two feedlines connected to Port 1 (P1) and Port 2 (P2). The
high electric field concentration in the sensing region ensures
strong interaction with the dielectric properties of the SUT.
Moreover, Fig. 5(b) shows the simulated transmission coef-
ficient S2; over the frequency range of 0.5-1.0 GHz for ten
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different relative permittivity values ¢, ranging from 1 to 10.
When the value of ¢, = 1, the resonance frequency is 0.83 GHz
and continues to shift until £, = 10, and the resonance fre-
quency shifts to 0.64 GHz. As ¢, increases, the resonance fre-
quency of the sensor systematically shifts toward lower fre-
quencies. This downshift is attributed to the increase of the
sensor effective capacitance, which subsequently decreases the
resonance frequency.

Next, Fig. 5(c) and Fig. 5(d) offer polynomial fits correlating
the permittivity and corresponding resonance frequency while
in Fig. 5(c), the second-order polynomial equation is as follows
in Equation (2):

ey = 109.72(f,)* — 208.05(f,) + 98.112 @)

where f, is the resonant frequency (GHz), and ¢, is the rela-
tive permittivity. This equation exhibits a strong correlation,
and R? = 1 accurately models permittivity as a function of fre-
quency. Conversely, Fig. 5(d) provides the inverse relationship
where frequency is plotted against permittivity with a similarly
strong fit shown in Equation (3) as follows:

fr = 0.001(£,)? — 0.032(z,) + 0.8585 3)

Based on Fig. 5(d), the polynomial equation has a high accu-
racy with R = 0.9992. These relations can be employed for
permittivity extraction of unknown samples. Using the poly-
nomial equation to determine the permittivity value based on
the resonant frequency shift in a sample whose permittivity is
known using software simulation, the error value and accuracy
of the microwave sensor can be obtained when the permittivity
value is detected with an average accuracy of 99.69%.

Furthermore, Fig. 5(e) examines the frequency shift A f due
to changes in permittivity Ae,.. The curve follows a second-
order polynomial fit equation, as in Equation (4):

Af = —0.001(As,)? +0.0299(Ae,) +0.0029  (4)

where A f stands for frequency shift (GHz), and Ae,. is the
change in relative permittivity. The R? value of 0.9992 indi-
cates that the sensor has a high accuracy to detect permittivity
values of the samples. The near-quadratic nature of the curve
suggests a nonlinear sensing behaviour, which is often observed
in high-sensitivity resonator designs.

In addition, Fig. 5(f) shows the variation of frequency de-
tection resolution (FDR), a normalized sensitivity metric, con-
cerning Ae,. Based on the simulation results as shown in
Fig. 5(e) and Fig. 5(f), the maximum AF and FDR of the pro-
posed sensor for the permittivity range of 1-10 are 0.19 GHz
and 0.036 GHz/Ace,., respectively. These findings indicate that
the proposed sensor has high performance for detecting the per-
mittivity of solid materials.

Furthermore, to observe the accuracy of the sensor with dif-
ferent sample dimensions, a simulation was proposed by plac-
ing samples with four different dimensions in the sensor’s sens-
ing area, as shown in Fig. 6.

The accuracy of the sensor with different sample dimensions
is determined by observing the correlation between the res-
onance frequency and permittivity of the sample represented
by the polynomial equation shown in Fig. 6. Based on the
simulation results with four different sample dimensions, the
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proposed sensor has a high accuracy in the range of 97.26%—
97.98% while the maximum FDR and normalized sensitivity
are 0.022 GHz and 0.241% as shown in Table 3. These find-
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ings indicate that the sample dimensions do not have a signifi-
cant impact on the accuracy of the proposed sensor. From these
results, the best accuracy is obtained at sample dimensions of
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TABLE 3. Accuracy of proposed sensor with different sample dimen-
sions.

FDR Average Normalized
Sample
(GHz) Accuracy (%) Sensitivity (%)
SUT 10 x 10 x 1mm 0.022 97.59 0.241
SUT 10 x 15 x 1mm 0.022 97.98 0.235
SUT 10 x 20 x 1mm 0.022 97.51 0.220
SUT 10 x 25 x 1mm 0.022 97.26 0.235

10mm X 15mm x 1 mm with an accuracy of 97.98%. There-
fore, this sample dimension is used in the measurement process
referring to the simulation results with the best accuracy.

4. VALIDATION AND MEASUREMENT

4.1. Measurement Process of the Proposed Microwave Sensor

Validation and measurement of the sensor were carried out
in the laboratory using a Vector Network Analyzer (VNA)
with a frequency range of 0.6—1 GHz, a sweep frequency of
0.001 GHz, and an ambient temperature of 25°C. Fig. 7(a)
shows the experimental setup, where the sensor is connected to
a VNA through coaxial cables linked to Port 1 and Port 2. The
SUTs include both known dielectric materials (labeled A—E)
and various biological tissues such as squid, chicken, fish, and
beef. These materials are positioned on the sensing area of the
sensor as depicted in the image. For each sample, the dimen-
sions are the same and adjusted to the simulation carried out of
15mm x 10mm x 1 mm, both samples with known permittiv-
ity and biological samples to be tested. In this paper, the values
of samples with known permittivity are shown in Table 4.

TABLE 4. Sample of known permittivity.

Labelled SUT Er
n/a Vacuum 1

E RO-5880 2.2

B RO-4003C  3.55

D FR-4 43

C RO-3006  6.15

A TM-10 9.8

Figure 7(b) presents a comparison between the simulated and
measured transmission coefficients So; of the sensor. The res-
onance frequency of the measured curve closely aligns with the
simulated results, validating the sensor’s design. A minor dis-
crepancy is observed, which may be attributed to fabrication
tolerances, connector losses, or imperfect sample placement.
Furthermore, Fig. 7(c) displays the measured S3; responses
for various dielectric substrates, including vacuum, RO3006,
RO4003C, FR4, TM10, and RO5880. The plot shows a sys-
tematic leftward shift in resonance frequency with increasing
permittivity, consistent with electromagnetic theory. In the
condition without sample (Vacuum), the resonant frequency
is 0.86 GHz, and after placing the sample with permittivity
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er = 2.2, the resonant frequency shifts to 0.83 GHz and con-
tinues to shift until the permittivity e, = 9.8, to 0.72 GHz.
The downshift indicates stronger interaction between the elec-
tric field and higher-permittivity materials.

Next, the correlation between permittivity and the corre-
sponding measured resonance frequency of proposed sensor is
shown in Fig. 7(d). A third-order polynomial regression is used
to model the trend shown in Equation (5) as follows:

e = —1178.1(f,)* +3036.8(f,)* —2651.8(f,) +784.63 (5)

Based on Fig. 7(d), the polynomial equation has a high coef-
ficient of determination R? = 0.998, indicating excellent curve
fitting. This model enables precise permittivity extraction from
measured frequency data. Using the polynomial equation, the
error value and accuracy of the microwave sensor can be known
when measuring samples that have known permittivity values.
Moreover, Table 5 provides the resonant frequency shift in each
sample whose permittivity is known, along with the error value
and accuracy when each sample is measured.

TABLE 5. Comparison of the known permittivity value and calculated
permittivity.

fr (GHz) er ercal  Error  Accuracy
0.86 1 097 2.59%  97.41%
0.83 2.2 2.07  6.12%  93.88%
0.80 3,55 345 293%  97.07%
0.78 4.3 449  445%  95.55%
0.76 6.15 593 3.56% 96.44%
0.72 9.8 9.78  0.23%  99.77%

Table 5 presents the validation results of the microwave
sensor’s capability to extract permittivity values from mea-
sured resonance frequencies. The data shown are based on
a polynomial model with a high coefficient of determination
(R?* = 0.998), which indicates excellent curve fitting between
the measured resonance frequency and the known permittivity
values. This model enables accurate estimation of permittiv-
ity (¢,) from the measured frequency shift. The table com-
pares the known permittivity values of various samples with
the calculated values, and it also provides the corresponding
error percentages and accuracy. For example, the sample with
a known permittivity of 9.8 shows a calculated value of 9.78,
resulting in a very low error of 0.23% and a high accuracy of
99.77%. Overall, the results in Table 5 confirm that the pro-
posed method delivers accurate permittivity extraction, with all
samples achieving accuracy above 93.8%, validating the relia-
bility of the sensor system.

Microwave sensor parameters include frequency detection
resolution (FDR) and normalized sensitivity (NS), each of
which plays an important role in determining sensor perfor-
mance. The relationship between the change in resonant fre-
quency and the permittivity value of the SUT is referred to as
FDR, which can be calculated using Equation (6) as follows
[16]:

Af
Acg,

FDR = —2 (GHz) (6)
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FIGURE 7. Experimental setup and validation using sample under test; (a) measurement setup with fabricated sensor, (b) comparison simulation and
measurement of proposed sensor, (c) measured S»; response of the sensor with known permittivity samples, (d) graph of a polynomial equation to

determine &, of known permittivity samples.

In Equation (6), A f is the difference between the resonant
frequency of the microwave sensor before the SUT is placed
(funioaded) and that after the SUT is placed (fioqdeq) While Ae,
is the difference between the highest permittivity and the refer-
ence permittivity. In general, the reference permittivity value
used is vacuum with e, = 1 [17].

Normalized Sensitivity (NS) value can be calculated using
Equation (7) as follows [18]:

NS

1 unloaded — Jloade
X(fldd fldd>% ™

AET funloaded

Figure 8(a) shows the relationship between the frequency de-
tection resolution (FDR) and the dielectric constant variation
Aeg,.. FDR is calculated as the difference in resonant frequen-
cies normalized by a reference frequency. The plot indicates
a decreasing trend in FDR as Aeg, increases, highlighting re-
duced sensitivity at higher permittivity values. The nonlinear
nature of this response suggests that frequency-based permit-
tivity extraction is more accurate in low-to-mid permittivity
ranges. Furthermore, Fig. 8(b) plots the absolute frequency
shift A f against Ae,., where a third-order polynomial regres-
sion is used to model the sensor’s sensitivity curve, shown in
Equation (8) as follows:

Af =7x107°(Ae, ) —0.0018(Ae, )2 4+0.0257(Ae,.)—0.0011
(®)

94

Based on Fig. 8(b), the polynomial has R?> = 0.9976, and it
demonstrates high agreement between calculated and observed
data. This curve can serve as a predictive model for identifying
unknown permittivity from frequency responses. In addition,
Fig. 8(c) presents a validation comparison between reference
permittivity values €, (square markers) and those calculated by
the proposed model (triangle markers). The close alignment
between the reference and calculated data across the frequency
spectrum confirms the sensor’s accuracy. This comparison val-
idates that the mathematical model used for permittivity extrac-
tion is suitable for both simulation and real-world data.

Furthermore, to observe the performance stability of the pro-
posed sensor, repeatability measurement is proposed with sev-
eral measurement processes. Moreover, Fig. 9 shows the re-
peatability measurement of the proposed sensor which was car-
ried out 3 times.

From the measurement results, the sensor has a stable per-
formance in detecting the permittivity of samples with known
permittivity in the range of 1-9.8 as shown in Table 6. This
finding indicates that the sensor has accuracy and stable per-
formance in repeatability measurements.

4.2. Validation and Performance of the Microwave Sensor for
Permittivity Detection of Biological Samples

Furthermore, permittivity detection of biological materials such
as meat is proposed in this work by placing the sample on
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TABLE 6. Repeatability measurement from proposed sensor compared
with known permittivity materials.

fr(GHz) e, ref Ml M2 M3
0.86 1 097 096 0.98
0.83 22 2.07 2.06 2.07
0.80 355 345 344 346
0.78 43 449 447 448
0.76 6.15 593 591 592
0.72 9.8 978 9.76  9.77

the surface of the sensing area of the sensor. The permittiv-
ity of the biological sample is determined using a polynomial
equation obtained from the frequency response and permittiv-
ity of the sample with known permittivity. Fig. 10(a) illustrates
the Sy responses of the sensor with biological tissues (fish,
chicken, meat, and squid) placed over the sensing area. Sim-
ilar to Fig. 7(c), the resonance frequency shifts depending on
the permittivity of each biological sample. When the sensor is
placed on bare plastic, the resonant frequency is at 0.85 GHz,
and when the fish sample is placed, it shifts to a frequency of
0.79 GHz and for the chicken sample shifts to 0.69 GHz. The
bare sensor (vacuum condition) shows the highest resonance
frequency, while chicken, having higher water content, pro-
duces the lowest frequency due to higher permittivity.
Moreover, Fig. 10(b) illustrates the relationship between the
resonant frequency and dielectric permittivity for various test
samples, including fish, meat, chicken, and squid. The mea-

95

12
O Er ref
10 | uM1
b * M2
AM
28 ?
2
E 6
g 2
G
[ s
]
2 ]
L
0
0.68 0.73 0.78 0.83 0.88

Frequency (GHz)

FIGURE 9. Repeatability measurement of proposed sensor with known
permittivity in the range 1-9.8.

sured data points align closely with a fitted third-order polyno-
mial regression (red dotted curve), which has been determined
using samples with known permittivity from previous measure-
ments. Materials with known permittivity are used as calibra-
tors to obtain mathematical equations to determine the permit-
tivity of samples with unknown permittivity. This regression
model enables the estimation of unknown permittivity based on
observed resonant frequency shifts. However, the polynomial
fit is only valid up to a relative permittivity (¢,-) of 9.8. There-
fore, permittivity values beyond this limit, including those of
chicken meat, which exceed the model’s range, cannot be accu-
rately calculated using this equation. The overall result of cal-
culating the permittivity value of biological samples is shown
in Table 7.
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TABLE 7. Permittivity value of the biological sample.

SUT  f»(GHz) & Cal
Bare 0.85 0.99
Fish 0.79 434
Squid 0.74 7.64
Meat 0.73 8.91

5. COMPARISON WITH PREVIOUS WORK

In order to demonstrate the novelty of the proposed work, a fair
comparison with previous work is proposed as shown in Ta-
ble 8. The comparison is proposed by observing the method,
resonance frequency, number of ports, performance of the sen-
sor, and the type of sample detected.

In previous work [9], the designed microwave sensor has
a resonator structure based on a U-shaped resonator with a
resonant frequency of each sensing area in the resonator of
1.21 GHz and 2.10 GHz for the characterization of solid ma-
terials with a permittivity of 1 to 4.3. The characterized solid
materials are air, RO5880, RO4003C, and FR4 with permittivi-
tiesof 1,2.2,3.68, and 4.3, respectively. Based on the measure-
ment and calculation of FDR values, the average accuracy and
NS obtained in the first sensing area are 0.009, 99.02%, and
1.072%, while in the second sensing area are 0.043, 96.44%,
and 1.150%.

In another previous work [10], the designed microwave sen-
sor has a triple-rings CSRR structure with a resonant frequency
of 2.5 GHz for the characterization of semi-solid materials with
a permittivity of 1.0006 to 78.4. The characterized solid mate-
rials are empty tube, Turmeric, Java Turmeric, Black Turmeric,
Mango Ginger, and DI Water with permittivities of 1.0006,
34.52, 45.6, 46.68, 59.61, and 78.4, respectively. Based on
the measurement and calculation of FDR values, the average
accuracy and NS obtained are 0.042, 96%, and 0.003%.

In previous work [19], the designed microwave sensor has a
resonator structure based on a double split ring resonator with a
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resonant frequency of 2.45 GHz for the characterization of solid
and liquid materials with each material having a permittivity of
2 to 5.65 and 31.5 to 61. The characterized solid materials are
Teflon, resin, epoxy glass, urethane, FR4, and ceramic with per-
mittivities 2.00, 3.88, 4.60, 3.24, 4.07, and 5.65. Based on the
measurement and calculation of FDR values, the average accu-
racy and NS obtained are 0.060, 93.63%, and 2.58%. Based on
previous work, the calculated permittivity for ethanol concen-
trations of 30%, 50%, and 70% are 61, 47, and 31.5. Based on
the measurement and calculation of FDR values, the obtained
average accuracy and NS are 0.014, 97.41%, and 0.30%.

In previous work [20], the designed microwave sensor has
a curved-feed CSRR-based resonator structure with a resonant
frequency of 2.5 GHz for the characterization of solid materi-
als with a permittivity of 1.0006 to 4.4. The characterized solid
materials are air, Roger 5880, Roger 4350, and FR4 with per-
mittivities of 1.0006, 2.2, 3.66, and 4.4, respectively. Based on
the measurement and calculation of FDR values, the average
accuracy and NS obtained are 0.095, 99.77%, and 0.761%.

In previous work [21], the designed microwave sensor has a
resonator structure based on tweaking ELC resonators with a
resonant frequency of 0.82 GHz for the characterization of vac-
uum solid materials with permittivity 1 to 10. Based on the
measurement and calculation of FDR values, the average accu-
racy and NS obtained are 0.012, 96.72%, and 1.492%.

Compared to previous works, the proposed sensor demon-
strates a unique advantage by being capable of detecting both
solid and biological materials, specifically solid meat, which
is rarely addressed in earlier studies. In addition, it operates
at a lower resonant frequency (0.86 GHz), which is advanta-
geous for sensing biological materials due to improved pene-
tration depth and interaction with high-loss samples. Unlike
many previous designs that involve high structural complexity,
this work employs a simplified structure based on the combi-
nation of CSRR and ELC resonators. This results in a low-
cost and practical solution while maintaining acceptable per-
formance metrics such as accuracy and noise stability, making
it suitable for real-world applications involving low-frequency
biological material detection.
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TABLE 8. Comparison with previous research.

Parameters Compatibility Capability for .
Range fr . R . Design
Ref Model Port SUT FDR Accuracy NS with Low biological .
of e, (GHz) . complexity
(GHz) (%) (%) Frequency materials
U-shaped 121 0009  99.02  0.761
9] SHPCC Single  Solid 1~ 4.3 No No High
resonator 2.10 0.043 96.44 1.150
Triple-ri Semi-
o] eSS piar S 1784 25 0042 9600 0.003 No No High
CSRR solid
Double Split Solidand 2-5.65 0.060  93.63  2.58
[19] OWESPHL g PoNCAn 245 No No High
Ring Resonator Liquid 31.5-61 0.014 97.41 0.30
Curve-feed
[20] UVt pual  Solid 144 25 0095 9977 1.072 No No High
CSRR
Tweaking ELC
1] oA Dual  Solid  1-10 082 0012 9672  1.492 Yes No Low
resonator
This  CSRR and Solid
s M pua O 1-9.8  0.86 0019  96.69  0.202 Yes Yes Low
work ELC Meat

6. CONCLUSION

A low-frequency microwave sensor with a simple planar struc-
ture based on CSRR and ELC has been successfully developed
and validated. The design focuses on ease of fabrication and
practical implementation, while enabling effective permittiv-
ity detection of various materials, including biological samples.
Operating at 0.86 GHz, the sensor provides the advantage of
deeper field interaction in lossy biological media, which is es-
sential for reliable material characterisation. Based on mea-
surement result, the proposed sensor has a high performance
with accuracy of 96.69%, normalized sensitivity of 0.202%,
and FDR of 0.019 GHz. The proposed sensor has a combina-
tion of low-frequency operation, high performance, and simple
structure that can be a promising solution for practical applica-
tions in biological and dielectric material evaluation.
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