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ABSTRACT: This study proposes a two-port dual-band microwave sensor designed for the independent and simultaneous detection of
solid material characteristics. The sensor consists of a pair of non-identical rectangle-shaped resonators arranged symmetrically, with
two distinct sensing areas connected by a power divider and a microstrip feed line with an impedance of 50 Ohms. It operates at resonant
frequencies of fr.1 = 2.16 GHz and f,2 = 4.03 GHz, utilizing a Rogers 5880 substrate with €, = 2.2, tan§ = 0.0009, and a thickness
of 0.79 mm. The tested materials include RO5880, RO4350, and FR4, with dimensions of 16 mm X 5mm on the first resonator and
Smm X 5mm on the second resonator. The rectangular resonators successfully detect and measure the dielectric properties of solid
materials while maintaining independent operation, ensuring that MUT loading does not interfere with each resonator. The measurement
results indicate that f,1 and f,2 achieve average accuracies of 90.51% and 95.16%, respectively, for a permittivity range of 1-4.4, while
the average normalized sensitivities are 2.42% and 1.36%. In addition, the Q-factors of resonators are 308 and 537, respectively. The
proposed microwave sensor offers a promising solution for accurately detecting different characteristics of solid materials independently
and simultaneously, with potential applications in the food industry, material quality control, and biomedical fields.

1. INTRODUCTION

Determining the permittivity characteristics of materials is
essential in microwave engineering and plays a pivotal role
in numerous applications. Accurate measurement of the dielec-
tric constant, or relative permittivity, is particularly critical in
fields such as the food industry, agriculture, medicine, health-
care, and the military and defense sectors [1-3]. In general,
the permittivity of the material under test (MUT) can be mea-
sured and analyzed using a microwave sensor, including those
designed for liquid characterization [4—7], solid materials [8—
13], and temperature-dependent measurements [14]. The char-
acteristics and permittivity of a material can be determined
using various microwave sensor methods, such as planar res-
onators [15] and waveguides [16, 17]. Planar resonators offer
advantages such as compact design, low production costs, and
easy fabrication [5, 6, 18].

To enhance the accuracy and sensitivity of planar resonators,
several studies have proposed high-sensitivity microwave sen-
sors for characterizing solid and liquid materials. They in-
clude complementary split-ring resonators (CSRRs) [19-23],
square split-ring resonators (SSRRs) [24], split-ring resonators
(SRRs) [25], interdigital capacitors (IDCs) [26], substrate in-
tegrated waveguides (SIWs) [16,27], interdigital complemen-
tary split-ring resonator sensors (ICSRRs) [28], complemen-
tary symmetric S-shaped resonators (CSSSRs) [29], comple-
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mentary symmetric split-ring resonators (CSSRRs) [30], and
multiple complementary split-ring resonators (MCSRRs) [31].
Other approaches, such as interdigital structures (IDS) [7], have
also been explored. However, previous sensor designs primar-
ily rely on single sensing, making them unsuitable for simulta-
neous material characterization.

Currently, multi-resonator (dual-band) sensors are being de-
veloped to detect multiple materials simultaneously. In previ-
ous research, the permittivity of two separate liquid samples
at different frequencies was successfully measured simultane-
ously using an SRR-based microwave sensor [32]. Neverthe-
less, the sensor is not independent, as placing a sample on
the slots of either split-ring resonator (SRR) alters both reso-
nant frequencies. Ref. [33] successfully enhanced sensitivity,
achieving frequency shifts of 66 MHz and 116 MHz at reso-
nance frequencies of 1.71 GHz (3G) and 2.35 GHz (4G). Nev-
ertheless, measurements can only be conducted simultaneously
on identical materials. Meanwhile, a Hexagonal Split Ring
Resonator (HSRR) proposed in [34] demonstrated an excep-
tionally high normalized sensitivity of 4.646% and an average
sensitivity of 246.48 MHz/e,.. To achieve differential sensing,
one of the resonating elements is designated as the reference,
while the other serves as the material sensing unit. Furthermore,
the dual-band sensor presented in [35] offers an innovative
planar cavity design with IDC-SRRs for differential sensing,
achieving high sensitivity and distinct frequency splitting. De-
spite this, the resonance mechanisms are mutually dependent,
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which constrains the true independence of dual-band operation.
In [36], a dual-band microwave sensor is based on an SRR
combined with a pair of L-shaped structures. The maximum
and average normalized sensitivity (NS) values are 0.073% and
0.06%, respectively. However, the proposed sensor is only for
detecting the permittivity of liquids and displacement of solids.
Another study proposed a dual-band planar microwave sensor
system to independently measure the complex dielectric con-
stant of solid materials with resonant frequency configurations
at 3 GHz and 3.92 GHz. However, this system simultaneously
generates two resonant frequency points within a single sensing
area. Consequently, any environmental effect causes changes
at both resonant frequency points simultaneously [37].

Existing dual-band and differential resonator designs show
promising sensitivity, but still have relatively low Q-factors,
such as 267.5 and 53.7 in [30], 280 and 110 in [32], 66 and 67
in [34], and 52.7 in [35]. By introducing a simultaneous yet
completely independent dual-resonator architecture, the pro-
posed design achieves a much higher Q-factor. This advance-
ment improves frequency selectivity, enhances measurement
precision, and provides more stable and reliable sensing per-
formance than previous designs.

This paper presents a novel microwave sensor designed to
overcome the limitations of mutual dependency in dual-band
sensing systems by enabling isolated tuning and independent
response across two operating bands. The proposed sensor
consists of a pair of non-identical, symmetrically arranged,
rectangle-shaped resonators, each with a distinct sensing area.
Operating at resonant frequencies of f,; = 2.16 GHz and
fro = 4.03GHz, it is fabricated on a Rogers 5880 substrate
with e, = 2.2, tand = 0.0009, and a thickness of 0.79 mm.
The design’s independent characteristics and spatially sepa-
rated sensing regions allow for the simultaneous characteriza-
tion of different materials under test (MUTs). The sensor’s per-
formance has been successfully verified through both simula-
tion and experimental validation for permittivity measurements
ranging from 1 to 4.4.

2. THE THEORY OF RESONANCE PERTURBATIONS

Perturbation theory is a technique used to calculate energy
changes caused by small disturbances, such as electric or mag-
netic fields. In microwave sensors, the permittivity of the MUT
can be determined using this theory. When the MUT is placed
on top of the resonator, it disturbs the resonator’s electric and
magnetic fields. The effective permittivity of the dielectric
sample influences the capacitance and interacts with the elec-
tric field, altering the intensity of the field distribution within
the sensor’s structure. This can be assessed using Equation (1)
[10,26]:

Af, _ fvs (AcE; - Ey) dv
fr fvc (50 |E0|2) dv

When a sample of dielectric material is placed on the sensor’s
detecting area, the change in the resonator’s resonant frequency
is denoted by Af,. The resonant frequency of the resonator
without a sample is represented by f,, the permittivity of free
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space by Ae, and the change in permittivity by Ae. Here, ¢
refers to the electric field in the absence of the MUT sample,
while E; represents the electric field when the MUT is placed
in the region of strong field concentration within the resonator.
Positioning a dielectric sample at the point of maximum electric
field perturbs the field distribution, leading to a shift in the res-
onant frequency and a modification of the quality factor. This
phenomenon enables the proposed sensor design to be used for
characterizing the dielectric properties of the sample.

Fig. 1 illustrates the transmission coefficient (S2;) response
of the sensor, comparing the scenario when the sensor is empty
(red curve) with that when a material under test (MUT) is placed
on it (blue curve). The observed frequency shift, Af, sig-
nifies the interaction between the sensor’s resonator and the
MUT, which directly correlates with the material’s permittivity.
This frequency shift is fundamental for extracting the dielectric
properties of different materials.

4

$21 (dB)

Frequency (GHz)

FIGURE 1. Typical response (S21) of power transmission of resonator
loaded and empty samples.

Referring to Equation (1), it is evident that changes in the
permittivity of the MUT correspond to variations in the reso-
nant frequency. When the MUT is placed in the sensing area,
it perturbs the electric field (F-field). The resonant frequency
shifts as a result of the interaction between the MUT and the
resonator, which can be modeled as a capacitive load. The sen-
sitivity of the sensor is determined by the ratio of the frequency
shift to the change in the MUT’s permittivity. The sensor’s
sensitivity (S) can be calculated using the following expression
Equation (2) [38,39]:

_ Af _ (fUnloadcd—fLoaded)

5= Ae,

2
Er(MUT)—Er(Reference)

Fig. 2 presents sensitivity analysis plots, where the sensitiv-
ity is defined as the change in frequency per unit permittivity
difference (Ae,.). The sensitivity follows a quadratic trend, rep-
resented by the equation y = ax? — bx + ¢, indicating that the
sensor exhibits a nonlinear decreasing sensitivity trend as Ae,
increases, where the coefficients a, b, ¢ can be found by using
standard MUT, which suggests that the sensor performs opti-
mally at lower permittivity values, offering higher sensitivity
in this range.

According to [38], the reference permittivity that is typically
utilized is that of a vacuum, with €, = 1. When being placed in
the sensor’s sensing area, a structure with a high electric field
intensity improves coupling and field interaction with the test-
ing sample, leading to high sensitivity. The normalized sensi-
tivity of the sensor design can be calculated using Equation (3)
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FIGURE 3. The overall design of the sensor, (a) the first resonator, (b) the second resonator, (c¢) dual-band resonator.

below [10, 38]:

NS

1 <fUnloaded - fLoaded ) % (3)

AET’ fUnloaded

In Equation (3), the ratio of the resonant frequency of the empty
sample to that of the loaded sample in the sensing zone of the
designed structure is used to determine the change in the per-
mittivity of the tested dielectric material.

3. SIMULATION AND DESIGN OF THE PROPOSED
SENSOR

3.1. Design of Proposed Sensor

A Rogers 5880 substrate with a thickness (h) of 0.79 mm, a di-
electric constant €, of 2.2, and a loss tangent (tan d) of 0.0009
is used in the construction of the proposed sensor. It features a
microstrip feed line with a 50 Ohm impedance and two rectan-
gular resonators coupled by a power divider. The sensor design
process is illustrated in Fig. 3.

The mathematical modeling Equation (4) is used in the sen-
sor design, which is the standard equation for determining the
dimensions of a microstrip feed line [40]. In [41], this theoret-
ical relationship was validated through experimental analysis
and variations using a microstrip ring resonator configuration.
The results show that the resonance frequency shift (Af,) is
strongly correlated with the MUT permittivity.

c 1
l= ——a—
2,/56_27 f,n

To determine and analyze the E-field distribution of the res-
onator, High Frequency Structure Simulator (HFSS) software
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was utilized. The simulation results illustrate the electric field
distributions and frequency response of a dual-resonator mi-
crowave sensor designed for material characterization. The
sensor structure consists of two resonators: the first resonator
(red) and the second resonator (blue). Each resonator operates
at a distinct resonant frequency, enabling dual-frequency sens-
ing to enhance accuracy and versatility. In Fig. 4(a), the electric
field distribution is highly concentrated in the sensing area of
the first resonator, as indicated by the red dashed box, demon-
strating strong field localization. This concentration signifies
that the first resonator is dominant at its operating frequency,
making it highly sensitive to the perturbations caused by a ma-
terial under test (MUT). In Fig. 4(b), the field distribution shifts
toward the second resonator’s sensing area, highlighted by the
blue dashed box, showing its sensitivity to material perturba-
tions at its respective resonance frequency, thereby enabling
a complementary frequency response. This dual-resonator de-
sign improves the sensor’s performance by providing two in-
dependent sensing frequencies, increasing measurement relia-
bility and extending the sensing range. Fig. 4(c) presents the
sensor’s frequency response (S3; parameter), representing the
transmission coefficient. The simulation results validate the
sensor’s effectiveness, demonstrating its capability to operate
at two distinct frequencies with localized electric fields, ensur-
ing accurate and independent material characterization.

The resonator operates at frequencies ranging from 1 GHz
to 6 GHz. The suggested sensor measures 54 mm X 25 mm X
0.79 mm, and Figs. 5(a) and (b) show the design structure. As
illustrated in Fig. 5(c), the sensor uses a two-port arrangement
with SMA connectors and an impedance of Z; = 50 ohms.
Figure 4(d) shows equivalent circuit, and Fig. 5(e) presents a
comparison of the S5 parameters, demonstrating that the ex-
perimental results show good agreement between the element
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FIGURE 4. (a) Sensing area at first resonator, (b) sensing area at second resonator, (¢) S21 parameters behaviour of proposed resonator.
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FIGURE 5. Design of proposed sensor, (a) front view, (b) back view, (c) perspective view, (d) equivalent circuit, (e) along with a comparison of S21

between the element model and full-wave EM simulation.

model and full-wave EM simulation. The overall optimized
dimensions of the dual-band sensor with rectangle-shaped res-
onators are summarized in Table 1.

3.2. Location of Material Under Test (MUT)

In Fig. 6(a), the fabricated sensor is displayed. Each resonator
has a unique sensing area with a strong F-field, as indicated by
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the results of HFSS simulations. Strong E-fields are observed
in the first resonator at f,.; = 2.06 GHz and f,» = 3.89 GHz.
Based on measurement results, the resonant frequencies ob-
tained are f,.; = 2.16 GHz and f., = 4.03 GHz for each res-
onator. A comparison of the proposed sensor’s simulation and
measurement results is shown in Fig. 6(b). It is evident that
the dual-band features in the simulation and measurement data
are identical. However, for each resonant frequency, there were
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FIGURE 6. (a) Fabricated, proposed microwave resonator, (b) simulation and measurement of the proposed resonator.
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FIGURE 7. (a) Placement MUT in first resonator, (b) placement MUT in second resonator, (¢) S21 parameters behaviour with MUT in first resonator,
(d) S21 parameters behaviour with MUT in second resonator.

TABLE 1. Dimensions of rectangle-shaped resonators. and a loss tangent (tan ) of 0.004, whereas FR4 has a thick-
ness of 1.6 mm, a permittivity of 4.4, and a loss tangent (tan d)
Parameter ~ Value Parameter ~ Value of 0.03.
L, 54 mm W, 25 mm Figures 7(a) and 7(b) illustrate the microwave sensor config-
L, 54 mm Wa 2 mm urations, emphasizing the MUT placement in two distinct sens-
Ly 2 mm Wy 1 mm ing areas corresponding to the two resonators. These configura-
L. 20 mm We 0.3 mm tions facilitate a comparative analysis of the sensor’s response
Ly 6mm Wy 1 mm to different dielectric materials under identical excitation condi-
L. 2mm W 0.8 mm tions. Figs. 7(c) and 7(d) depict the simulated scattering param-
Ly 8 mm Wy 0.4 mm eter (Sa1) responses for various MUT scenarios across a fre-
Ln 5 mm Wi, 1 mm quency range of 1 GHz to 6 GHz. A noticeable frequency shift
occurs for each material, reflecting the relationship between the
frequency shifts of 4.63% and 3.47% between the modeling and material’s dielectric constant and resonant frequency. This re-
measurement results, which were likely caused by fabrication sult highlights the sensor’s capability to differentiate materials
defects. based on their dielectric properties.

The material under test (MUT) was placed on one of the res- The results presented in Fig. 8 illustrate the variation of res-
onators to perform the test. As MUTs, three conventional ma- onant frequencies f,; and fo as a function of the dielectric
terial types RO5880, RO4350B, and FR4 with known permit- permittivity (¢,) of the MUT. Figs. 8(a) and 8(b) depict the dis-
tivity were employed. RO5880 has a thickness of 3.18 mm, tinct responses of two independent resonators in the microwave
a permittivity of 2.2, and a loss tangent (tand) of 0.0009. sensor when different materials are placed in the sensing re-
RO4350B has a thickness of 0.51 mm, a permittivity of 3.48, gion. In Fig. 8(a), the first resonant frequency (f,1) exhibits
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FIGURE 8. Correlation of f,1 and fr2 when the MUT is loaded on (a) the first resonator, (b) the second resonator.

a clear downward trend from 2.03 GHz to 1.82 GHz as ¢, in-
creases, indicating a strong dependence on the permittivity of
the MUT. This behavior aligns with theoretical expectations,
as materials with higher permittivity tend to lower the effective
resonant frequency due to increased capacitance. In contrast,
the second resonant frequency (f,2) remains relatively stable,
with only minor fluctuations between 3.96 GHz and 3.97 GHz,
suggesting that the first resonator is primarily responsible for
sensing changes in ¢, at lower frequencies. Fig. 8(b) presents
a complementary scenario, where f,.o experiences a signifi-
cant decrease from 3.96 GHz to 3.59 GHz with increasing ¢,
while f.1 shifted but not significantly between 1.91 GHz and
1.92 GHz. It indicates that the second resonator is more sen-
sitive to permittivity variations in a different frequency band.
The observed trends confirm the independent operation of the
two resonators, allowing simultaneous characterization of mul-
tiple materials. By analyzing the difference between the reso-
nant frequencies corresponding to the lowest and highest per-
mittivities of the MUT, the simulation results show that the first
and second resonators exhibita A f 0of 0.21 GHz and 0.37 GHz,
respectively. Overall, the results confirm that the sensor can
independently and accurately characterize dielectric materials.
The distinct frequency shifts of f,; and f,.o enable dual-band
operation, making the sensor suitable for applications requiring
precise permittivity measurements across different frequency
ranges.

Based on Fig. 9, the results illustrate the performance of
a dual-resonator microwave sensor for material characteri-
zation. The sensor consists of two non-identical rectangu-
lar resonators, enabling independent and simultaneous detec-
tion of solid materials. The experimental setup, as shown in
the diagrams, involves different dielectric materials, including
RO5880, RO4350, and FR4, placed on the sensing areas of the
resonators. The corresponding S-parameter (521 ) responses re-
veal shifts in resonant frequencies, indicating the sensor’s sen-
sitivity to the dielectric permittivity (¢,.) of the materials under
test (MUTs).

In the frequency response graphs, two resonant frequencies,
fr1 and f,.o, are observed, each corresponding to one of the
resonators. The shifts in f.1 and f,.o with different materi-
als confirm the impact of the MUT’s permittivity. The black
curve represents the baseline measurement in a vacuum, while
the colored curves correspond to different MUTs. The resonant
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frequency decreases as the permittivity increases, confirming
the sensor’s ability to differentiate materials based on their di-
electric properties. Notably, FR4 exhibits the most significant
frequency shift due to its higher permittivity, while RO5880
shows minimal deviation as its permittivity closely matches the
substrate.

Additionally, the sensor demonstrates a distinct advantage by
enabling independent measurements at different resonators, al-
lowing for simultaneous material characterization. The exper-
imental results validate the effectiveness of the sensor in ac-
curately detecting changes in permittivity while maintaining a
high Q-factor. This makes the proposed sensor suitable for ap-
plications in material quality control, biomedical diagnostics,
and industrial testing. Future work may explore further opti-
mizations to enhance sensitivity and broaden the range of mea-
surable permittivity values.

4. MEASUREMENT AND VERIFICATION

4.1. Measurements of Proposed Sensors

Figure 10 illustrates the experimental setup and measurement
results of a dual-resonator microwave sensor for material char-
acterization. Fig. 10(a) shows the system, comprising a vec-
tor network analyzer (VNA) connected to the sensor via coax-
ial cables. The MUT includes RO5880, RO4350B, and FR4,
each with a distinct dielectric constant. Two scenarios are ana-
lyzed, Scenario 1 (MUT placed over f,.2) and Scenario 2 (MUT
placed over f,1). In Scenario 1 (Fig. 10(b)), f,1 remains un-
affected at 2.16 GHz since the MUT is outside its sensing re-
gion. For RO5880 and RO4350, the second resonator’s res-
onance frequency (f,2) = 4.03 GHz shifted to 3.94 GHz and
3.91 GHz, respectively, whereas for FR4, it shifts to 3.89 GHz.
Conversely, in Scenario 2 (Fig. 10(c)), f.2 remains stable at
4.03 GHz. The resonant frequency of the Ist resonator (f,1)
shifts from 2.16 GHz to 2.08 GHz for RO5880, 2.06 GHz for
R0O4350, and for FR4 to 1.99 GHz. These results confirm the
sensor’s ability to independently characterize materials by de-
tecting shifts in resonance dips. The sensor effectively dis-
tinguishes dielectric materials based on permittivity, leverag-
ing dual-resonance operation for enhanced accuracy and multi-
frequency sensing. The measured data align well with simu-
lations, demonstrating that f,; and f,o operate independently
and remain highly sensitive to permittivity variations.
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TABLE 2. Overall summary of experimental results for the first resonator with MUT (the second resonator as vacuum).

Size of Resonance Sensitivity Measured % o NS
Er
MUT MUT Frequency Af Ae. S=Af/Ae,  Permittivity —Q-factor ’ ’
(Ref) 3 Error  Accuracy (%)
(mm”) fr1 (GHz) (GHz) (er)
Vacuum 1 - 2.16 0 0 - 0.95 308 451 95.49 -
ROS5880 22 16 x5 x 3.18 2.08 0.08 1.2 0.067 2.63 231 19.48 80.52 3.09
RO4350 348 16 x5 x 0.51 2.06 0.1 248 0.04 3.04 226 12.65 87.35 1.87
FR4 44 16 x5 x 1.60 1.99 0.17 3.4 0.05 4.46 86 1.32 98.68 2.31

In Fig. 11, testing was conducted by simultaneously plac-
ing the MUT on both resonators. Various materials, including
RO5880, RO4350, and FR4, were placed on one resonator to
evaluate their effect on the resonant frequency, while RO5880
was placed on the other resonator. Figs. 11(b) and (c) show
the S-parameter (S21) responses under two testing scenarios.
In Scenario 1 (Fig. 11(b)), f,1 shifts while f,.5 remains stable,
indicating that the MUT primarily affects the first resonator.
In Scenario 2 (Fig. 11(c)), fro shifts while f,; remains un-
changed, demonstrating independent sensing by the second res-
onator. Frequency shifts correlate with the dielectric permit-
tivity (¢, ), where higher permittivity materials cause a greater
downward shift. These results confirm the sensor’s effective-
ness in dual-band, independent material characterization. Its
ability to measure two materials simultaneously with minimal
cross-interference makes it valuable for applications in material
quality control, biomedical diagnostics, and industrial sensing.
Future work may enhance sensitivity, expand the measurable
permittivity range, and explore additional applications.
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4.2. Verification of Measurement Result

Furthermore, a mathematical model was used using a curve-
fitting technique to validate the measurement results. The per-
mittivity of unknown materials is extracted using the fitted
equation. Tables 2 and 3 provide a detailed analysis of dielec-
tric permittivity measurements conducted using a microwave
sensor under various conditions and MUT configurations.

The measured permittivity for vacuum closely aligns with
the expected value, demonstrating high accuracy. Meanwhile,
materials such as RO5880, RO4350, and FR4 exhibit fre-
quency shifts of 0.09 GHz, 0.12 GHz, and 0.14 GHz, respec-
tively, when the 2nd resonator is loaded, and frequency shifts
of 0.08 GHz, 0.1 GHz, and 0.17 GHz, respectively, when the
1st resonator is loaded. These shifts correlate with their respec-
tive permittivity values of 2.2, 3.48, and 4.4. It can be seen that
fr1 and f,o achieve average accuracies of 90.51% and 95.16%,
respectively, while the normalized sensitivities of the two res-
onators reach 2.42% and 1.36%, respectively. In addition, the
Q-factors of resonators are 308 and 537, respectively.
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FIGURE 12. The fitting curve of the material under test (MUT) from the measurement is compared with the reference for (a) the first resonator and

(b) the second resonator.

TABLE 3. Overall summary of experimental results for the second resonator with MUT (first resonator as vacuum).

. Size of Resonance Sensitivity Measured . % NS
MUT MUT Frequency Af Ae. S=Af/Ae,  Permittivity Q-factor
(Ref) 3 rror  Accuracy (%)
(mm~) fre (GHz) (GHz) (er)
Vacuum 1 - 4.03 0 0 - 0.90 537 10.26 89.74 -
ROS880 2.2 5x5x3.18 3.94 0.09 1.20 0.075 2.13 315 3.06 96.94 1.86
RO4350 348 5x5x0.51 3.91 0.12 2438 0.048 3.32 261 4.52 95.48 1.20
FR4 44 5x5x1.60 3.89 0.14 3.40 0.041 433 195 1.54 98.46 1.02
TABLE 4. Overall summary of experimental results for both resonators with MUT (second resonator as RO5880).
. Size of Resonance Sensitivity Measured o % NS
MUT MUT Frequency Af Ae, S=Af/Ae, Permittivity ~ Q-factor
(Ref) 3 Error Accuracy (%)
(mm®) fr1 (GHz) (GHz) (er)
Vacuum 1 - 2.15 0 0 - 0.95 307 4.79 95.21 -
RO5880 2.2 16 x 5 x 3.18 2.08 0.07 1.20 0.058 2.59 277 18.09 81.91 2.71
RO4350 3.48 16 x5 x0.51 2.06 0.09 2.48 0.036 3.06 257 11.90 88.10 1.69
FR4 44 16 x5 x1.60 2.00 0.15 3.40 0.044 4.46 222 1.39 98.61 2.05
TABLE 5. Overall summary of experimental results for both resonators with MUT (first resonator as RO5880)).
. Size of Resonance Sensitivity Measured . o NS
MUT MUT Frequency Af Ae. S=Af/Ae,  Permittivity Q-factor
(Ref) 3 Error  Accuracy (%)
(mm®) fr2 (GHz) (GHz) (er)
Vacuum 1 - 4.03 0 0 - 1.01 350 1.21 98.79 -
RO5880 22 5x5x3.18 3.94 0.09 1.20 0.075 2.42 246 9.87 90.13 1.86
RO4350 348 5x5x0.51 3.88 0.15 2.48 0.060 4.06 228 16.56 83.44 1.50
FR4 4.4 5 x5 x 1.60 3.89 0.14 3.40 0.041 3.74 222 14.91 85.09 1.02

In Tables 4 and 5, the MUT is placed on both resonators si-
multaneously. Various materials, including RO5880, RO4350,
and FR4, are placed on one resonator, while RO5880 is placed
on the other. The results obtained for f,.; and f,5 achieve aver-
age accuracies of 90.96% and 89.36%, respectively. The nor-
malized sensitivities are 2.15% and 1.46%, while the Q-factors
of the resonators are 307 and 350, respectively.
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Figs. 12(a) and 12(b) present the measured and reference per-
mittivity (e,.) values as a function of frequency for two differ-
ent frequency bands, highlighting the performance of the mi-
crowave sensor for material characterization. In Fig. 12(a), the
measured permittivity values (,.) are represented by red circu-
lar markers and fitted using a second-order polynomial regres-
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TABLE 6. The sensitivity results following the quadratic trend.

First Resonator loaded

Second resonator loaded

MUT T Y T Y
Aeg, S Aeg, S
ROS5880 1.2 0.067 1.2 0.075
RO4350 248 0.040 2.48 0.048
FR4 34 0.050 34 0.041

TABLE 7. Comparison of proposed sensor based on previous literature.

Range of Resonance Material
. Accuracy NS No. of Dual- Independence
Ref. Method Permittivity Frequency Q-factor Under Test )
% % Sensing Band Performance
() (GHz) (MUT)
f;'l fr2 -ﬂl frl
[19] CSRR 1-4.4 25 - 520 Solid - - - 1 No NA
CSRR &
[21] 1-4 3.37 - 464 Solid 94.25 - 3.48 1 No NA
Nested CSRR
Mi
6] crowavesensor g ¢ 1.38 - - Solid 7@ g 1 No NA
Non-Contact 92
[29] CSSSR 2.1-3 15.12 - - Solid - - 6.7 1 No NA
t 2. 11.91
[42] Compac 1-10 77and - Solid R No NA
maze-shaped meta 3.08 12.01
267.5 and .
[30] CSSRR 1-12 5.35 7.99 53 ;m Solid - - 9.7 2 YES No
280 and .. 0.28 and
[32] SRR 24-78 576 7.85 H?)n Liquid ~ 99.02 9463 3an 2 YES No
[34] HSRR 1-20.6 53 - 66.67 Liquid 98.8 - 4.646 2 YES No
0.87 and
[35]  IDC-SRRs 2-14 415 918 52.7 Liquid - -y (j“ 2 YES No
SRR and Coupled 1.634 and Solid 0.073 and
[36] anc@-oupie 1-80 2234 an O - me 2 vES YES
L Resonators 1.819 Liquid 0.06
E-Interdigital 3 and
[37] werdiglia 1-3 an - ; Solid - - 2 YES YES
Structure 3.92
Dual
Thi 308 and . 1.69 and
" Rectangular- 1-4.4 216 4.03 an Solid 9868 98.79 o oM YES YES
Work 537 1.02
Shape
sion, depicted by a dotted red line. The strong agreement between measured and reference per-
e (fry) = —3.775f% — 4.9793f + 29.318 (5) mittivity values reaffirms the sensor’s capability to characterize

where f is the frequency in GHz. The reference permittivity
values, indicated by blue triangular markers, provide a baseline
for comparison. The measured data closely follow the refer-
ence trend, demonstrating the sensor’s reliability and accuracy
within the frequency range of 1.99 to 2.16 GHz. The decreas-
ing trend in permittivity with increasing frequency is consistent
with the dispersive behavior of materials in this band. Simi-
larly, Fig. 12(b) presents the results for a higher frequency band
(3.89 to 4.03 GHz). Here, the measured values are represented
by red circular markers.

e (fry) = 216.67f% — 1740.5f + 3496.3 (6)
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materials across multiple frequency bands. The sharper decline
in permittivity at higher frequencies, as shown in the graph, fur-
ther emphasizes the frequency-dependent nature of dielectric
properties.

Furthermore, Figs. 13(a) and 13(b) illustrate the sensitivities
of the first and second resonators. The maximum sensitivities
of the two resonators are 0.067 GHz/Aeg,. and 0.075 GHz/Ae,.,
respectively, as determined using Equation (2). The sensitivity
results following the quadratic trend are presented in Table 6.
Meanwhile, the maximum normalized sensitivities of the first
and second resonators are 3.08 and 1.86, respectively, obtained
using Equation (3). Meanwhile, the maximum normalized sen-
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FIGURE 13. Prediction value of sensitivity with Ae,, (a) the first resonator, (b) the second resonator.

sitivities of the first and second resonators are 3.08 and 1.86,
respectively, obtained using Equation (3).

5. EXPERIMENTAL VALIDATION WITH EXISTING
SENSOR

Based on the simulation and measurement results, two rectan-
gular resonators with separate sensing areas can be used to as-
sess the permittivity of several MUTs simultaneously and inde-
pendently. Table 7 compares the proposed sensor with previ-
ously developed sensors, evaluating parameters such as models,
number of sensing areas, number of ports, MUT type, Q-factor,
accuracy, and normalized sensitivity. The proposed sensor, as
depicted in Table 7, enables the independent detection of two
different types of MUTs at separate sensing areas.

This study introduces a novel approach to measuring the
permittivity of MUTs independently, leveraging the rectangle-
shaped resonator design to generate distinct sensing regions. In
the future, this sensor could be adapted to simultaneously detect
both solid and liquid MUTs, utilizing each resonator according
to its independent characteristics.

Therefore, further investigations are recommended to assess
the sensor’s performance in permittivity measurements for dif-
ferent MUTs under simultaneous testing.

6. CONCLUSION

This study successfully presents a dual-band independent per-
mittivity sensor employing a two-port design with a pair of
rectangle-shaped resonators for simultaneous and independent
solid material detection. It operates at resonant frequencies of
fr1 = 2.16 GHz and f,.o = 4.03GHz. The rectangular res-
onators are symmetrically arranged to create distinct sensing ar-
eas, enabling the independent placement of two materials. The
advantage of the suggested sensor is that it can independently
and simultaneously measure the permittivity of the material un-
der test (MUT) at two distinct sensing points with high accu-
racy. The measurement results indicate that f,.; and f,.o achieve
average accuracies of 98.68% and 98.79%, respectively, for a
permittivity range of 1-4.4, while the normalized sensitivities
are 1.69% and 1.02%. In addition, the Q-factors of resonators
are 308 and 537, respectively. Therefore, the proposed sensor
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has potential applications in the food industry, material quality
control, and biomedical fields.
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