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ABSTRACT: Accurate characterization of magnetodielectric materials is required for the development of microwave sensors and high-
frequency communication systems. This study proposes a compact planar microwave sensor that uses a single dual-Split-Ring Resonator
(SRR) to simultaneously measure permittivity and permeability. The core innovation lies in the spatial segregation of electric-field-
dominant and magnetic-field-dominant sensing regions within a unified resonator framework, which effectively suppresses mutual inter-
ference between the dielectric and magnetic sensing channels. Designed to resonate at 4.15 GHz, the sensor’s performance was evaluated
through full-wave electromagnetic simulations and experimental validation using six different materials under test (MUT) (including
Magtrex555 and various Rogers’s substrates). Sixty independent measurements were conducted to ensure reliability. The experimental
results demonstrate high sensitivity, with 144.2 MHz/e,. for permittivity and 45.4 MHz/p,- for permeability. The proposed sensor enables
characterization across a measured permittivity range of 2.2—6.5 and a permeability range of 1-6, demonstrating its capability to evaluate
both dielectric and magnetic properties within the specified measurement domain. The proposed sensor achieved average characteri-
zation accuracies of 96.93% and 98.81% for permittivity and permeability, respectively, with minimum errors as low as 0.03%. These
results confirm that dual-SRR architecture provides a robust, repeatable, and non-destructive solution for magnetodielectric material
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characterization with a highly compact form factor.

1. INTRODUCTION

n recent years, the advancement of electromagnetic and

telecommunication technologies has been closely associated
with progress in material research. Particular attention has
been directed toward magnetodielectric materials character-
ized by relatively high permittivity (¢,) and permeability
(). The electromagnetic properties of a material can be
characterized by analyzing high-frequency response variations
on an appropriate sensing platform [1, 2]. Owing to these prop-
erties, such materials have been extensively used in antenna
systems, microwave sensors, and wireless communication
applications. In recent years, interest in material dielectric
and magnetic characterization has increased remarkably
for numerous applications in different fields, such as indus-
try [3, 4], agriculture [5], chemistry [6, 7], healthcare [8, 9], and
others [10-14]. Many sensing techniques have been proposed
for these applications and can be generally categorized into
non-resonant and resonant methods. Numerous new materials
have been introduced in the microwave region and are widely
used for applications such as microwave shielding, microwave
absorbers [15], and microwave sensors [16]. There, precise
characterization of electromagnetic parameters is critical
because variations in €, and p, directly affect the resonance
characteristics, impedance matching conditions, operational
bandwidth, and overall system performance at microwave
frequencies. To address this requirement, various material
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characterization techniques have been developed, one of
which is the transmission line method, which is widely used to
measure electromagnetic material properties [17,18]. Recent
studies on SRR-based sensors have also been proposed for the
characterization of liquid permittivity, including a meander-,
ladder-, and T-shaped resonator sensor designed for aqueous
solution analysis [19], as well as a symmetric bar-chart-shaped
resonator that achieves a high @-factor for fluid permittivity
measurements [20]. Although these approaches highlight the
versatility of SRR-based structures in permittivity sensing
applications, they are predominantly limited to liquid samples
and do not consider the simultaneous characterization of
permeability, which represents the primary focus of this study.
Specifically, for magnetodielectric materials, the simultaneous
fluctuation of both ¢, and u, poses a major hurdle, as the
perturbation from one parameter can frequently ‘mask’ or be
misinterpreted as a variation in the other, thereby demanding
a sensing mechanism that can effectively decouple these two
electromagnetic responses.

Among various planar microwave sensing structures, SRRs
have attracted significant attention due to their compact size
and superior sensitivity. Compared with conventional quarter-
wavelength transmission-line resonators, SRRs offer enhanced
sensing performance while occupying a smaller footprint, par-
ticularly at lower microwave frequencies [19]. Its popularity
can be attributed to its compact physical dimensions, distinct
resonance features, and strong resonant behavior. Conven-
tional SRR configurations exhibit dominant sensitivity to mag-
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FIGURE 1. Samples of MUT in the proposed sensor: (a) Rogers 4003C, (b) Rogers 5880, (c) Rogers 4350B, (d) FR-4, (e) Magtrex555, and (f) Rogers

5870.

netic field components perpendicular to the resonator plane,
making them well-suited for permeability measurements. The
predominance of the magnetic field results in a disparity in
sensing performance, as sensitivity to permittivity variations is
relatively diminished. Consequently, achieving simultaneous,
accurate extraction of ¢, and u,- becomes more difficult, partic-
ularly for magnetodielectric materials in which the electric and
magnetic properties vary simultaneously. Recent work by [22]
demonstrated that a microstrip sensor based on a complemen-
tary split-ring resonator (CSRR)-derived structure is capable
of comprehensively characterizing magnetodielectric materi-
als, such as Fe3O04-PDMS, by spatially separating the elec-
tric and magnetic sensing regions within a single device. Al-
though [22] also employs spatially separated sensing regions,
its design is based on a CSRR-inspired structure etched on
the ground plane, which is fundamentally different from the
conventional SRR configuration adopted in this study, where
the dual-SRR resonators are directly excited via coupling with
the microstrip line. This structural difference provides a sim-
pler excitation scheme and facilitates more localized field con-
finement, while retaining the benefit of spatial separation be-
tween sensing regions. By concentrating the electric and mag-
netic fields in distinct areas of the sensor, the €, and u, of the
material can be independently extracted with minimal cross-
interference.

Several approaches have been reported to address this issue.
They include CSRRs [23] and multi-resonator and multi-mode
sensing configurations. Although improved dual-parameter
sensitivity has been demonstrated, these approaches typically
require more complex structures, additional sensing regions,
or separate resonance modes to achieve this improvement.
These factors reduce their suitability for compact, low-cost,
planar microwave sensor designs. Furthermore, multi-mode or
multi-resonator sensing strategies frequently encounter techni-
cal challenges such as overlapping and difficulties in frequency
alignment, which can lead to significant inaccuracies during the
simultaneous extraction of permittivity and permeability.

Despite these developments, the reliable and independent ex-
traction of permittivity and permeability using a single planar
sensor structure remains challenging. Achieving a balanced re-
sponse to both electric and magnetic field perturbations while
preserving structural simplicity remains unresolved. This con-
dition motivates the development of a sensing architecture that
enables spatial separation between regions dominated by elec-
tric and magnetic fields within a unified resonator structure.

In this study, a dual-SRR-based microwave sensor is pro-
posed for magnetodielectric material characterization. The pro-
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posed dual-SRR leverages its inherent geometric symmetry to
isolate the electric-field hotspot at the split gaps while con-
fining the magnetic field within the loops, thereby preventing
cross-parameter interference. Full-wave electromagnetic sim-
ulations were performed using the Computer Simulation Tech-
nology (CST) Microwave Studio to examine the resonant be-
havior and S,;. Various MUT, including real materials such as
FR-4, Rogers 5870, Rogers 4003C, Rogers 5880, and Rogers
4350B, are considered in this work. Unlike previous studies
that rely on complex multi-resonators or multi-mode configu-
rations, this work introduces a cohesive single-layer dual-SRR
framework. The main contributions include: 1) A compact de-
sign achieving spatially segregated sensing zones for balanced
er and p, sensitivity; 2) A systematic suppression of mutual
interference enabling independent parameter extraction; and 3)
Experimental validation demonstrating a high average accuracy
of over 96%, providing a robust solution for real-time magne-
todielectric characterization. This approach reduces the struc-
tural complexity while maintaining high sensitivity and mea-
surement repeatability.

2. WORKING PRINCIPLES OF THE PROPOSED SEN-
SOR

The proposed microwave sensor is designed based on a planar
dual-SRR configuration concept introduced in [21] to achieve
balanced sensitivity to both electric- and magnetic-field pertur-
bations. The sensor was implemented on a Rogers 5880 sub-
strate with a relative permittivity of €, = 2.2, a thickness of
h = 1.57mm, and a loss tangent of 0.0009. The substrate was
selected because of its low dielectric loss and stable electro-
magnetic properties at microwave frequencies.

The substrate samples used as MUT are shown in Fig. 1.
As illustrated in Figs. 1(a)—(f), the investigated materials
include Rogers 5870, Rogers 4003C, Rogers 4350B, FR-4,
Magtrex555, and Rogers Duroid 5880. Six substrate samples
with identical dimensions were fabricated for each substrate
type and measured independently to ensure consistent results.

For permittivity characterization, each sample was prepared
with dimensions of 10 mm x 5 mm, whereas samples used for
permeability characterization measured 10 mm x 2mm. The
thickness of each sample corresponded to the original sub-
strate specifications of the respective MUT. This approach was
adopted to enhance the measurement repeatability and reduce
uncertainty. It aligns with findings reported in previous cross-
sensitivity studies, in which measurement accuracy was ob-
served to deteriorate when the dimensions of the tested sample
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deviate from the designated sensing region [25]. This further
reinforces the importance of matching MUT dimensions to the
sensing area to ensure reliable measurement results.

Prior to measurement process, the Libre Vector Network An-
alyzer (VNA) was calibrated using the standard short-open-
load-through (SOLT) procedure over the operating frequency
range of interest to minimize systematic measurement errors.
All measurements were carried out under controlled labora-
tory conditions with an ambient temperature of approximately
25 + 2°C and a relative humidity of 60 £ 5%. During the
measurement process, the samples were consistently positioned
within the designated sensing region using alignment refer-
ences to reduce placement errors, and the corresponding 55
responses were recorded for each substrate sample. In addi-
tion, repeated measurements were performed to evaluate the
repeatability of the sensing system. These precautions help mit-
igate experimental uncertainties and improve the reliability of
reported results.

The measurement procedure began by connecting the Libre
VNA to a laptop via a USB Type-C interface. Subsequently,
the fabricated microwave sensor was connected to ports 1 and 2
of the Libre VNA via SMA connectors and coaxial cables, as
shown in Fig. 2.

FIGURE 2. Measurement procedure of the proposed sensor.

3. NUMERICAL MODELING AND SENSOR CHARAC-
TERIZATION

The proposed microwave sensor comprises two identical SRRs
arranged symmetrically along a central microstrip transmission
line, as shown in Fig. 3. Each resonator consists of a narrow
split gap and a conductive loop, which collectively form an
equivalent LC resonant circuit through their capacitive and in-
ductive effects. The dual-SRR geometry was intentionally de-
signed to generate spatially separated sensing regions, enabling
an independent interaction of the electric and magnetic fields
with the MUT while maintaining a compact, low-complexity
structure.

In particular, the split-gap regions concentrate the electric
field and serve as an electric-field-dominant sensing area for
permittivity characterization, whereas the resonator loops sup-
port strong circulating currents, which produce a magnetic-
field-dominant sensing area for permeability characterization.
The optimized geometric parameters and dimensions of the pro-
posed sensor are presented in Table 1.

71

TABLE 1. Structure of the proposed sensor with dimensions.

Parameter Dimension (mm)

L1 40

Lo 80

Ls 12.50

Ly 2.52

Ls 32

L¢ 4.95

L~ 10

Lg 0.60

Lo 1.20

3.1. Surface Current and Equivalent Circuit Characteristic

The SRR consists of a metallic ring with a narrow split that be-
haves as an equivalent LC tank circuit. Under resonance condi-
tions, electromagnetic energy oscillates between the magnetic
field stored in the conductive loop, representing the inductive
component (L), and the electric field concentrated across the
split gap, representing the capacitive component (C').

The electromagnetic behavior of the proposed dual-SRR sen-
sor is governed by the field distribution generated around the
microstrip transmission line and resonant structures. Fig. 4(a)
shows the electric-field (E-field) distribution, and Fig. 4(b)
presents the magnetic-field (H-field) distribution at the reso-
nant frequency of 4.084 GHz. As shown in Fig. 4(b), the H-
field exhibits strong localization around the outer sections of
the SRR, particularly in the region farthest from the microstrip
line. This indicates that the SRR primarily interacts with the
magnetic component of the guided wave, producing strong H -
field confinement that drives the resonance mechanism. Con-
versely, the E-field distribution in Fig. 4(a) remains minimal
in the same region, confirming the negligible E-field coupling
experienced by the SRR. This separation of the dominant H-
field and weak E-field illustrates the magnetic-field sensitive
nature of the resonator, enabling selective perturbation when a
magnetodielectric material is placed near the resonant region.
The high isolation between sensing regions is attributed to the
optimized distances L7 and L8, which ensure that the displace-
ment currents in the split gap do not significantly perturb the
magnetic flux induction within the outer loops.

The field confinement around the SRR results from the
induced circulating surface currents along the metallic ring,
which generate a loop-like magnetic flux that reinforces the H -
field concentration. These surface currents constitute the pri-
mary inductive component of the resonant structure, and the
split gap provides an effective capacitance. The interaction be-
tween the inductive loop and capacitive gap creates a localized
LC resonance, in which the magnetic energy stored in the cur-
rent loop alternates with the electric energy stored across the
split area. This mechanism produces a highly confined near-
field distribution, making the sensor particularly sensitive to
small perturbations in the electromagnetic properties of mate-
rials placed within the field-interaction zones. The capacitive
split gap exhibits strong E-field concentration, making this re-
gion highly sensitive to variations in relative permittivity. In
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FIGURE 3. Structure of the proposed sensor with dimensions.
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FIGURE 4. Simulated electromagnetic field distributions at the resonant frequency of = 4.084 GHz. (a) Electric field distribution and (b) magnetic

field distribution of the proposed dual-SRR sensor.
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FIGURE 5. (a) Equivalent Circuit (EQC) for proposed sensor and (b) ADS vs CST simulation.

contrast, the outer conductive loop supports the confinement of
an intense.

The H field is generated by circulating surface currents, en-
abling enhanced sensitivity to relative permeability variations.
This spatial field separation allows independent perturbation of
the dielectric and magnetic properties within a single planar res-
onator structure.

Figure 5(a) shows the equivalent circuit of the proposed dual-
SRR sensor, and Fig. 5(b) demonstrates the good agreement
between the advanced design system (ADS) and CST simu-
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lations, confirming the validity of the model at approximately
3.9 GHz. The electromagnetic behavior of the proposed dual-
SRR sensor can be represented by a lumped element equivalent
circuit. The circuit incorporates two terminal ports (Term 1 and
Term 2), each with a characteristic impedance of 50 (2, inter-
connected via two microstrip transmission lines (TL; and TL;)
with a width of W = 4.95 mm and length of L = 2.5 mm. Each
individual SRR element was modeled using an inductor (L; =
L, = 15nH), a split-gap capacitor (C;, = C5 = 0.101 pF), and
an ohmic loss resistor (R; = R, = 3.7Q). The electromag-
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FIGURE 6. Fabricated prototype of the proposed sensor with the placement of MUT: (a) Sensitivity of permittivity and (b) sensitivity of permeability,

and (c) fabrication of the proposed sensor.

netic interaction between the two SRR elements is captured by
a coupling capacitor C; = 1.8 pF positioned at the center of
the circuit, and C,, represents the grounding capacitance of the
structure. The overall symmetric topology of the circuit closely
replicates the sensor’s physical layout, in which each SRR func-
tions independently but remains electromagnetically coupled to
the other through capacitive interaction.

The resonant behavior of the proposed sensor can be approx-
imated using an equivalent LC resonator model. The resonant
frequency is determined using the following Eq. (1):

s 1
" 2 VIC

(M

Because the MUT acts as a capacitive perturbation to the res-
onator, the resulting resonant behavior can be analyzed using
cavity perturbation theory, as given by Eq. (2) [24]:

afy Ve (AclBE 4 A HF) do o
fro 2 [ (cIBP + plH) o

In (2), f, denotes the resonant frequency of the unloaded res-
onator, and A f,. represents the resonant frequency shift caused
by introducing the MUT. The parameters Aec and Ap corre-
spond to the variations in permittivity and permeability of the
MUT, respectively. The electric- and magnetic-field intensi-
ties are represented by F and H; V}, denotes the perturbation
volume occupied by the MUT; and V' represents the total ef-
fective volume of the resonator. According to (2), the resonant
frequency shift is directly related to the variation of the elec-
tromagnetic properties of the MUT and the amount of stored
electric and magnetic energy within the sensing region. The
frequency decreases when either the effective permittivity or
permeability increases. For the proposed sensor, the perturba-
tion effect associated with the F field is dominant within the
split-gap region, whereas the perturbation associated with the
H field is dominant around the resonator loop. Due to the spa-
tial field separation, the term [{, u|H|*dv in (2) becomes neg-
ligible in the split-gap region, allowing for a decoupled extrac-
tion of permittivity without magnetic interference. Similarly,
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in the resonator loop region, the term [, (¢|E|* becomes neg-
ligible, ensuring that the resonance shift is primarily governed
by permeability variations. Consequently, dielectric and mag-
netic properties can be characterized independently by placing
the MUT within the corresponding sensing hotspot.

4. MEASUREMENT VALIDATION

The developed sensor resonates near 4.15 GHz in the lower C-
band. The chosen frequency represents an effective compro-
mise between sensor performance and fabrication feasibility.
Low-frequency operation requires larger resonators, increasing
sensor size. In contrast, higher-frequency operation tends to
make the resonant response more susceptible to dimensional
variations and manufacturing tolerances. Consequently, the op-
timized frequency of 4.15 GHz provides reliable sensing perfor-
mance while preserving a practical and compact sensor config-
uration.

4.1. Sensor Fabrication and Measurement Procedure

The transmission coefficient (Sy;) is adopted as the primary
sensing parameter due to its higher sensitivity to resonant fre-
quency variations induced by the presence of the MUT. In the
proposed resonator, the resonant response manifests itself as a
pronounced and well-defined transmission dip in S,;, allow-
ing more stable and accurate frequency tracking than the re-
flection response. Although S}, can also represent impedance
changes, it is more affected by matching conditions and para-
sitic influences, which may compromise its reliability for quan-
titative evaluation. Since both S1; and S originate from the
same resonant mode, S»; alone is considered sufficient for ac-
curately characterizing the resonant behavior in this study.

Figure 6 illustrates the fabricated prototype and placement
of the MUT in the sensing region. During the measurement
process, the transmission response (S,;) was recorded under
both unloaded and loaded conditions to extract the correspond-
ing resonant frequency shifts.

Different MUTs were placed in the sensor regions to study
how dielectric and magnetic quality affect resonant response.
Each sensor had 60 measurements, 10 for each of the six sub-
strate samples. The derived resonant frequencies for each sub-
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TABLE 2. Average resonant frequency for permittivity.

MUT €r  Fuin (GHz) Fua (GHz) Avg fr. (GHz)
Rogers 5880 2.2 3.936 4.092 3.984
Rogers 5870 2.33 3912 4.056 3.971

Rogers 4003C  3.38 3.666 3.896 3.777
Rogers 4350B  3.48 3.192 3.760 3.662

FR-4 43 3.552 3.712 3.607

Magtrex555 6.5 3.291 3.956 3.364

TABLE 3. Average resonant frequency for permeability.

MUT 1 Fnin (GHz)  Fhax (GHz)  Avg frm (GHz)
Rogers 5880 1 4.13 4.15 4.143
Rogers 5870 1 4.13 4.15 4.142
Rogers 4003C 1 4.13 4.15 4.142
Rogers 4350B 1 4.13 4.15 4.143
FR-4 1 4.13 4.15 4.141
Magtrex555 6 3.916 3.916 3.916
Curve Fitting of Permittivity o Curve Fitting of Permeability
® | | | ®F | | |
£ s : 2at .

36 37
Resonance Frequency (GHz)

405
Resonance Frequency (GHz)

39 395 4

FIGURE 7. Comparison of the simulated (a) S»; for the permittivity-sensitive resonance based on the curve fitting and (b) S2; for the permeability-

sensitive resonance based on the fitting curve.

strate type were averaged to reduce measurement noise and
sample variability. All investigated materials’ average resonant
frequencies were analyzed and summarized in Tables 2 and 3.

4.2. MATLAB Curve Fitting

The MATLAB Curve Fitting Toolbox was used to develop
empirical models for electromagnetic material characterization
based on experimentally averaged resonant frequencies. Per-
mittivity and permeability curve-fitting analyses were done
separately. In each analysis, the average resonant frequency F
field (f.) and H field (f,,) were the independent variables,
while the related electromagnetic property (&, or p.,.) was fore-
casted.

Figure 7(a) illustrates the curve-fitting result obtained from
the E-field sensing region, demonstrating the correlation be-
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tween the average resonant frequency and relative permittiv-
ity of the MUT. A fourth-order polynomial function was se-
lected as the regression model because it accurately represents
the nonlinear behavior observed in the measured data. The fit-
ted curve closely followed experimental data points, indicating
a high degree of agreement between the proposed model and
measurement results.

The resulting empirical relationship between the resonant
frequency and relative permittivity is expressed in Eq. (3) as
follows:

er = pLf} + p2f2 + p3f7 + pdf. + p5 3)

The resulting regression coefficients p; = —493.3794, p, =
7251.1932, p3 = —39908.3818, ps = 97480, ps = —89140.
The goodness-of-fit metrics confirmed the excellent perfor-
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mance of the proposed regression model. The fitting process
yielded a low sum of squared errors (SSE) of 0.005395 and a
root mean square error (RMSE) of 0.09786, indicating a min-
imal deviation between the fitted curve and measured data. In
addition, the coefficient of determination (R?) demonstrates a
strong correlation between the predicted and measured values.

Figure 7(b) presents the regression model developed for per-
meability extraction, revealing the relationship between MUT
permeability and its corresponding average resonant frequency.
Based on the fitting analysis, a first-order polynomial (linear)
model was selected to represent this relationship. The resulting
fitted curve demonstrated excellent agreement with measured
data points.

This observed linear relationship can be physically explained
through the resonant behavior of the proposed sensing structure,
in which the presence of a MUT alters the effective magnetic
permeability in the resonator’s high-field region.

This change consequently modifies the effective inductance
of the resonant system. Since the resonant frequency is defined
by fr & —7=, the variation in inductance results in a measur-
able and approximately linear shift in the resonant frequency
within the sensor’s operating range.

The mathematical model presented in Eq. (4), which was de-
rived from the curve-fitting process, is expressed as follows:

o :plfr + p2 4

where p; = —22.1029 and p2 = 92.5546 obtained from MAT-
LAB regression analysis. In Eq. (4), the parameter p; denotes
the sensitivity coefficient of the sensing structure, representing
the rate of change of relative permeability with respect to varia-
tions in the resonant frequency. Meanwhile, p, corresponds to
the intercept term, which reflects the system’s baseline perme-
ability under the reference resonant condition. The linear ap-
proximation is held under a quasi-linear perturbation regime,
in which the electromagnetic field distribution within the res-
onator remains stable, and the interaction between the MUT
and the sensing region does not introduce significant nonlinear
effects, such as strong field distortion or mode coupling.

The goodness-of-fit metrics indicate that the proposed model
achieves strong predictive accuracy, with an RMSE of 0.0151,
suggesting a very small deviation between the predicted and
measured values. These results demonstrate that the proposed
sensor exhibits a reliable response to variations in the relative
permeability of the tested materials. This low error further val-
idates that the proposed resonator operates within a stable elec-
tromagnetic regime, in which the dominant response is mainly
governed by magnetic-field perturbations rather than radiation
losses or parasitic coupling effects, thereby enabling reliable
extraction of the relative permeability.

The numerical modelling findings show that empirical
polynomial models can consistently correlate the resonant
frequency changes induced by the two dedicated sensing
structures with electromagnetic properties. Using a single-
sensor platform and independent curve-fitting models for
permittivity and permeability characterisation, the proposed
sensing strategy uses spatially separated sensing regions and
independent regression models to reduce cross-parameter
interference during material property extraction.
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The results demonstrate that the proposed sensing approach
may estimate dielectric and magnetic characteristics from reso-
nant frequency responses. The sensor is an effective and prac-
tical solution for electromagnetic material characterisation, and
the sensing platform integrates spatially differentiated sensing
regions with independent calibration equations to extract di-
electric and magnetic properties.

4.3. Sensitivity Analysis

Sensitivity is a key parameter in resonance-based sensors used
to assess a sensor’s capability to detect variations in the elec-
tromagnetic properties of a tested material. It is defined as the
magnitude of the resonant frequency shift induced by changes
in the material’s properties. A higher sensitivity indicates a
stronger frequency response to material variations, reflecting a
more pronounced electromagnetic interaction between the sen-
sor and the MUT [27].

_ Afr

S = Ac, (%)
_ Afr

S = A (6)

Equations (5) and (6) are used to evaluate the sensor’s re-
sponsiveness to variations in material properties. In this con-
text, S represents sensitivity, and A f, denotes the change or
difference between the highest and lowest measured resonant
frequencies induced by the presence of the tested material.
Meanwhile, Ae, and Ap, represent the differences between
the highest and lowest relative permittivity and permeability
values of the tested materials, respectively.

Figure 8 shows the measured and simulated S, responses of
the proposed sensor under unloaded conditions. The fabricated
sensor exhibited a resonant frequency of 4.15 GHz during the
measurement, whereas the simulated resonant frequency was
4.08 GHz. The slight upward shift in the measured resonant fre-
quency (4.15 GHz) compared with the simulation (4.08 GHz)
is primarily attributed to fabrication tolerances of the printed
circuit board (PCB) etching process and the dielectric constant

0

-10

-20

Measurement

521 (dB)

CST Simulation

-30

-40

3.4 3.9 4.4
Frequency (GHz)

FIGURE 8. Comparison of \S5; simulation and measurement.

WWwWw.jpier.org



rPIERM

Rahayu, Amanda, and Adhiyoga

tolerance of the Rogers 5880 substrate. These unloaded reso-
nant frequencies served as reference values for evaluating res-
onant frequency shifts caused by the introduction of different
MUTs during the characterization process. The resonant fre-
quency shift is defined in Eq. (7):

Af r = f 0— f r (7)
where fj and f,. are the unloaded and loaded resonant frequen-
cies, respectively. fy denotes the resonant frequency of the sen-
sor without the MUT, which is 4.15 GHz, and f,. represents the
resonant frequency after the MUT is placed in the sensing re-
gion. The corresponding values are presented in Table 4.

TABLE 4. Resonant frequency shift results obtained from the proposed
sensor for different relative permittivity values of the tested materials.

Permitivity Loaded Resonance

(r) Freq. (f,) GHy 97 1)
2.2 3.984 0.166
2.33 3.962 0.187
3.38 3.777 0.373
3.48 3.662 0.488
43 3.607 0.543
6.5 3.364 0.786

As presented in Table 4, the calculated frequency shift (A f;.)
increases from 166 MHz for a material with a relative permit-
tivity (e,-) of 2.2 to 786 MHz for a material with £,. of 6.5. This
trend indicated that higher permittivity values produced larger
resonant frequency shifts, reflecting a stronger electromagnetic
interaction between the MUT and the sensor. Therefore, the
proposed sensor exhibits good sensitivity to variations in di-
electric properties and is capable of effectively characterizing
different permittivity values.

Based on the measurement results, the average permittivity
sensitivity can be calculated using Eq. (5) as follows:

Af,. =3.984 — 3.364 = 0.620 GHz
Ae, =6.5—-22=4.3
Therefore:

0.620

S 4.3

= 0.1442 GHz/e,

Normalized Sensitivity:

Afr/fo
n,e — 8
Sne = "L ®)
Therefore:
0.620/4.15
Sn,a = % =0.0347 =~ 3.47%

Table 5 summarizes the frequency-shift results obtained for
materials with different permeability values. The sensor pro-
duces only minor frequency shifts of 0.007—0.009 GHz for non-
magnetic materials (u, /~ 1), while a significantly larger shift
of 0.234 GHz is recorded for a magnetic material with p,, = 6.
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TABLE 5. Resonant frequency shift results obtained from the proposed
sensor for different relative permeability values of the tested materials.

Permitivity Loaded Resonance Af, (GH2)
(er) Freq. (f,) (GHz)
1 4.143 0.007
1 4.142 0.008
1 4.142 0.008
1 4.143 0.007
1 4.141 0.009
6 3.916 0.234

These results confirm the high sensitivity of the magnetic sens-
ing region to permeability variations and demonstrate the ef-
fectiveness of the proposed sensor in distinguishing magnetic
from non-magnetic materials through their resonant responses.

For the permeability analysis, the average permeability sen-
sitivity can be determined using Eq. (6) as follows:

Af, =4.143 — 3.916 = 0.227 GHz

Au,=6—-1=5
Therefore:

_0.227

Sy 5 = 0.0454 GHz/ 1, =~ 45.4 MHz/ ..

Normalized Sensitivity:

Af/fo  0.227/4.15
Sn”u = =

= 0.01094 ~ 1.099
Ay 5 o

Based on the sensitivity analysis, the proposed sensor
achieves a sensitivity of 144.2 MHz/unit for permittivity
characterization and 45.4 MHz/unit for permeability charac-
terization. These results indicate that the sensor exhibits a
stronger response to variations in permittivity compared to
permeability. Nevertheless, the obtained permeability sensi-
tivity remains sufficiently significant to distinguish between
magnetic and non-magnetic materials.

Equation (9) provides a sensitivity matrix that illustrates the
decoupling extent between the two sensing responses. The ma-
trix was arranged in accordance with the results of Table 4 and
Table 5, which represent the varying permittivity and perme-
ability. For a permeability of 1, the total resonant frequency
variations are 0.95 MHz/unit, as indicated by the magnetic sen-
sitivity region to permittivity. In contrast, the electric sensitiv-
ity to permeability is negligible, as the F-field distribution in
Fig. 4(a) is concentrated solely in the spilt gap with a very small

H-field.
EAREEI I
Afn SHe SHp Ay
Af 1442 =~0 Ac,
L Aff; J B [ 0.95 454 ] [ Apy } (10)

Overall, the proposed dual-SRR sensor can characterize elec-
tromagnetic properties of materials through consistent, measur-
able resonant frequency shifts.
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FIGURE 9. Measured S, responses of the (a) E-field and (b) H-field sensing structure under unloaded conditions and with various MUT.

The proposed sensor was compared to a microstrip-line-
coupled SRR sensor with a T-shaped configuration for addi-
tional evaluation. This sensor has been reported for the lig-
uid permittivity characterisation of human milk samples at
6 GHz [26]. That design obtained a normalised sensitivity of
0.17%/<e,. while necessitating only 30 it of sample volume. In
contrast, the dual-SRR sensor that has been proposed demon-
strates a normalised permittivity sensitivity that is approxi-
mately 20 times greater, at 3.47%/e,, despite operating at a
lower frequency of 4.15 GHz. Additionally, the proposed de-
sign provides a more comprehensive sensing capability by al-
lowing simultaneous characterisation of both permittivity and
permeability on solid substrates within a single compact struc-
ture, in contrast to the referenced sensor, which is restricted to
single-parameter permittivity measurements of liquid samples.

4.4. Resonant Frequency Shift Behavior

This subsection presents measured S-parameter responses of
the fabricated sensor and analyzes the resonant frequency shift
behavior under different material loading conditions. The S,
was measured for both permittivity and permeability charac-
terizations under unloaded conditions and with various MUTs
placed on the sensing region. The resonant frequencies, de-
noted as the E-field (f,.) resonant frequency and H-field
(frm) resonant frequency, were defined as the frequencies cor-
responding to the minimum magnitude of the S»; response and
were consistently extracted from all the measurements.

Figure 9(a) shows S, responses of the permittivity sensing
structure unloaded and loaded with various substrate materials.
Introduction of the MUT caused a clear downward shift in the
resonant frequency, indicating strong coupling between the in-
terdigital sensing region and the tested material. Materials with
higher relative permittivity had a larger frequency shift due to
increased effective capacitance in the electric-field-dominant
sensing area. These resonant frequencies are representative of
repeated experiment averages. Overall, these results confirm
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that the resonant behavior of the proposed sensor is primar-
ily governed by electric-field interactions, which is consistent
with the intended design. Fig. 9(b) shows the measured S; re-
sponses of the permeability sensing structure for the same set
of substrate materials.

Similar to permittivity studies, each MUT decreased the res-
onant frequency compared to the unloaded state. The given res-
onant frequencies are typical of the average results from numer-
ous substrate tests, indicating the reproducibility of acceptable
experimental data. The frequency shifts showed that the pro-
posed sensor was sensitive to magnetic characteristics of the
tested materials.

For all studied materials, the sensing structures’ S| re-
sponses were consistent. Fabrication tolerances, noise, and
sample location error cause minor differences. The resonant
frequencies are averaged to reduce these effects, yielding re-
producible data for relative permittivity and permeability esti-
mation.

4.5. Prediction Results

In Table 6, the relative permittivity and relative permeabil-
ity values obtained using the mathematical models in Egs. (3)
and (4) are compared to the nominal values in the material
datasheets to assess prediction accuracy. The projected per-
mittivity and permeability values match the reference data for
all substrate materials. To decrease random noise and sample-
to-sample fluctuations, 10 independent measurements for each
substrate were averaged to estimate resonant frequencies (f.
and f,,,). The substantial field confinement of the E-field and
H-field sensing zones increased sensor sensitivity, resulting in
reduced estimation errors across all materials.

The proposed sensor had a 3.07% average prediction error for
permittivity characterization. Magtrex555 had the lowest fore-
cast error of 0.03%, while Rogers Duroid 5870 had the biggest
variation of 5.74%. Rogers Duroid 5870 has a low dielectric
constant, resulting in a limited resonant frequency shift com-
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pared to materials with higher permittivity. Experimental un-
certainties and the polynomial regression model used to corre-
late the resonant frequency with the MUT’s dielectric proper-
ties affect prediction errors. Minor differences in the measured
resonant frequency can affect derived permittivity values sub-
stantially. Higher permittivity materials cause larger resonant
frequency shifts, which the sensor can detect more easily, im-
proving prediction reliability. With an average error of 3.07%
and a prediction accuracy of 96.93%, the suggested sensor can
accurately characterize dielectrics.

For permeability characterization, FR4 had the highest pre-
diction error of 2.66% and Magtrex555 the lowest at 0.03%.
Due to its higher relative permeability than non-magnetic sub-
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strates, Magtrex555 has a more prominent resonant frequency
shift and a more accurate prediction. Conversely, non-magnetic
substrates with relative permeability close to unity cause only
minor H-field perturbations in the SRR loop, resulting in
smaller resonant frequency shifts and making the prediction
process more susceptible to measurement uncertainties, though
the errors remain within acceptable limits. All studied sam-
ples had an average permeability prediction error of 1.19% and
an average prediction accuracy of 98.81%. These results show
that the dual-parameter sensing approach can accurately char-
acterize dielectric and magnetic properties using a single sensor

platform.
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TABLE 6. Comparison of nominal relative permittivity and permeability values with prediction results based on E-field and H-field distribution.

MUT er Reference &, Prediction %kError g, Reference p, Prediction %Error
Rogers 5880 2.2 2.09 5.15 1 0.982 1.76
Rogers 5870 2.33 2.46 5.74 1 1.004 0.45
Rogers 4003C 3.38 3.31 2.13 1 1.004 0.45
Rogers 4350B 3.48 3.61 3.61 1 0.982 1.76
FR-4 43 422 1.77 1 1.027 2.66
Magtrex555 6.5 6.502 0.03 6 6.002 0.03
TABLE 7. Performance comparison of the proposed sensor with existing works.
M Working g o nsitivit M t
asur n asuremen
Reference Resonator easure MUT Frequency enst wl.y %Sensitivity %Error easureme
Parameter (MHz/unit) (Range)
(GHz)
Permittivity &
[27] CSRR ermithvity Solid 2.0/5.41 150/480  7.48851  NR 1-2/2-10
Loss Tangent
Oct 1Spiral  Permittivit
[28] clagonal Spuat - tetmitivity Solid 2.48 1143 461 <2 22545
Resonators relative (e,)
Tweaking ELC P ittivit
[29] weaking ermtivity Solid 0.82 N.R 1.492 N.R 1-9.8
Resonator relative (;)
4-CRRRs-based P ittivit
[30] Sase erativity Solid  3.1296/3.3636  N.R 633/6.17  0.5/0.9 2128
SIW relative (e,)
Permittivit
[31]  Dual U-Shaped - VY Solid 121/2.1 N.R N.R N.R 2243
relative (¢, )
Curve-Feed Permittivit
[32] utve-tree erathvity Solid 25 1.072 N.R 0.23 1-4.4
CSRR relative (e,)
Permittivit
[33]  Triple Ring CSRR o VY Solid 25 4.806 N.R 2.38/4 1-78.4
relative (e,)
Permittivit
[34]  S-SRR 4+ DSRR - vy Solid 5.122 N.R 327 N.R 1-43
relative ()
Permittivity
[35] TRB-CSRR relative ()4 Solid 4.86 N.R 32.72/12.94 0.2-3 1.006-12.9
thickness
Permittivity .
[36] CCRR ] Solid 3.49 133 3.25 0.89 1-10
relative ()
Permittivit
[37] DSRR SV Solid & Liquid 245 N.R 25803 637259  2.0-47
relative (e,)
Permittivity
[13] CMC-SRR relative (e-)+ Solid 17.39 N.R 8.05 7 2.2-10.2
thickness
Permittivity &
[38] SRR ermitvily Solid 2.5 N.R 0.687  1.18/3.91 232
Loss Tangent
. Permittivity & .
This Work SRR = Solid 4.15 144.2/45.4 3.47/1.09 3.07/1.19 2.2-6.5/1-6
Permeability
N.R, Result not reported in the original reference
79 WWwWw.jpier.org
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The low prediction errors obtained for both permittivity and
permeability confirm the effectiveness of the developed empir-
ical models and validate the suitability of the proposed sensor
for magneto-dielectric material characterization.

The low standard deviation obtained from the 60 measure-
ments further verified the sensor’s repeatability and measure-
ment stability. Although the resolution among non-magnetic
materials remains relatively limited owing to their nearly iden-
tical permeability values, the sensor successfully identifies the
significant contrast between magnetic and non-magnetic mate-
rials, thereby validating its effectiveness for permeability char-
acterization.

Figure 10(a) shows the correlation between MUT relative
permittivity €, and resonant frequency shift (A f). The reso-
nant frequency shift grew monotonically with relative permit-
tivity. It shows that the sensor responds consistently to dielec-
tric fluctuations across the measuring range. Fig. 10(b) shows
that the extracted permittivity values and datasheet references
are correlated.

Figure 11(a) presents the permeability sensitivity plot, show-
ing the relationship between relative permeability (u.,.) and
resonant frequency shift (A f,.). The non-magnetic substrates
(1 = 1) produce closely clustered and relatively small fre-
quency shifts, while the magnetic material (1, = 6) exhibits a
clearly higher response. Fig. 11(b) shows the extracted perme-
ability values together with their corresponding reference data.

Table 7 indicates that most recently reported microwave sen-
sors primarily focus on permittivity characterization, whereas
the proposed design enables extraction of both the relative per-
mittivity and relative permeability using a single resonator.

Despite its relatively simple SRR-based configuration,
the proposed sensor achieves competitive sensitivities of
1442 MHz/e,, and 45.4MHz/u,., while maintaining low
measurement errors of 3.07% and 1.19% for permittivity and
permeability, respectively. These findings demonstrate the
effectiveness of the proposed approach for dual-parameter
characterization, offering reliable measurement performance.

5. CONCLUSION

This work successfully demonstrates that the spatial segre-
gation of electric-field- and magnetic-field-dominated sens-
ing mechanisms via a dual-SRR architecture enables indepen-
dent extraction of relative permittivity and relative permeabil-
ity. The proposed sensor offers a robust, low-cost, and non-
destructive solution for magnetodielectric characterization. Ex-
perimental results from 60 independent measurements confirm
high reliability, achieving average accuracies of 96.93% and
98.81% for permittivity and permeability, respectively. The
sensor’s ability to maintain a minimum error of 0.03% for com-
plex magnetodielectric materials like Magtrex555 highlights its
superior decoupled sensing capability compared to traditional
multi-mode configurations.

Future research may explore the characterization of addi-
tional magnetic and magnetodielectric materials covering a
wider permeability range to further validate the sensor’s versa-
tility. Moreover, optimization of the sensing structure to sup-
press residual coupling between the electric-field and magnetic-
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field regions, together with improvements in sample placement
accuracy and calibration procedures, represents a promising
direction for enhancing measurement performance. The pro-
posed sensing approach could also be implemented at different
operating frequencies to extend its applicability to various mi-
crowave characterization requirements.
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