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ABSTRACT: This study proposes a dual-band microwave sensor based on a split-ring resonator (SRR) coupled with a pair of L-shaped
structures. The proposed sensor has dual functionalities, including the detection of liquid permittivity and solid displacement. An
ethanol-water mixture is selected as a sample to measure the permittivity of the liquid. Moreover, FR4 is chosen as the test sample
to measure the displacement of the solid. As a result, the maximum frequency detection resolution (FDR) is 1.64, and the average FDR
is 1.40. The maximum and average normalized sensitivity (NS) values are 0.073% and 0.06%, respectively. The maximum displacement
sensitivity is 10.0 MHz/mm for fps, and 10.5 MHz/mm for fps;, while the average displacement sensitivity values are 4.98 MHz/mm and
8.02 MHz/mm for fps» and fpsi, respectively. These values confirm the sensor’s reliable performance and sensitivity across different
measurements. In general, the proposed sensor offers several advantages: 1) it operates independently by isolating the electric fields
generated by each sensor; 2) it demonstrates dual functionalities, including the detection of liquid permittivity and solid displacement;

and 3) it is capable of handling both liquid and solid samples.

1. INTRODUCTION

he advancement of Internet of Things (IoT) technology is
Tclosely tied to developments in sensor technology, as sen-
sors are critical for detecting environmental conditions [1, 2].
However, a major limitation of conventional sensors is the
difficulty of integration with wireless communication sys-
tems [3,4]. This challenge arises partly due to the significant
frequency difference between traditional sensor technologies
and wireless communication technologies [5—7]. To address
this issue, microwave sensor technology has been introduced.
Microwave sensor (MS) operates at high frequencies, en-
abling seamless coexistence with wireless communication
systems [8,9]. Moreover, future MS is expected to offer
multifunctional capabilities rather than serving solely as
standalone sensors or mono-functional one.

Several interesting studies on MS for permittivity detection
have been proposed [10-17]. Ref. [18] focuses on the per-
mittivity detection of solid materials. This study utilizes a U-
resonator structure with a single port. However, it has certain
limitations, such as lower sensitivity and a tendency for sig-
nal radiation due to the single-port design. Other studies, such
as those by [19] and [20], have employed methods involving
radio frequency identification (RFID) tags and active antenna
tags, respectively. These approaches utilize reflection and fre-
quency shift techniques. However, the proposed sensors still
have complex structures and are limited to applications involv-
ing solid samples only.

Another notable study on MS was conducted by [21], which
uses a dielectric resonator oscillator method with liquid sam-
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ples. Changes in the liquid sample lead to shifts in the os-
cillator’s resonance frequency, allowing for permittivity de-
tection. While this study successfully detects the permittivity
of liquids, its detection range is limited to 1.0-45.0. Further
research includes [22], which employs a split-ring resonator,
and [23], which utilizes a mushroom structure, both featur-
ing planar resonator designs with liquid samples. These de-
signs achieve a wider permittivity detection range of 1.0-80.0
through frequency shift mechanisms. Additionally, [24] pro-
posed a study using an electric band gap resonator structure that
employs phase shift as the detection mechanism. However, all
of these MSs are limited to a single detection capability, focus-
ing solely on permittivity changes.

In addition to detecting permittivity, MS can also function as
displacement sensors. In study [25], a displacement sensor us-
ing a split-ring resonator (SRR) structure was proposed, where
the detection mechanism is based on phase changes. However,
this sensor has a limited dynamic range of only 0.6 mm. An-
other notable study, [26], employed a stepped impedance res-
onator (SIR) structure with a frequency shift detection strategy,
achieving a displacement range of up to 7 mm. Similar studies
include [27], which used an SRR structure, [28], which used
a complementary SRR structure, and [21], which utilized a de-
fected ground structure. Nevertheless, the primary limitation of
these sensors is that they function solely as single displacement
sensors [26,27,29-35]. In general, MS still faces several chal-
lenges: 1) multifunctional capabilities are rarely developed; 2)
proposed structures often lack independence; and 3) it typically
cannot handle liquid and solid samples simultaneously.

To address these issues, this study proposes novelty, as out-
lined below:
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FIGURE 1. A proposed dual-band MS for detection of liquid permittivity and solid displacement, (a) transmission coefficient response for single
structure, (b) integrated microwave sensor structure based on split ring resonator and coupled L-shaped resonator, and (c) simultaneous response of

transmission coefficient for liquid sensor and displacement sensor.

1) This study proposes a dual-band microwave sensor based
on a split-ring resonator and coupled L-shaped struc-
tures. The proposed structure operates independently by
feeding-based isolation of the electric fields generated by
each sensor.

2) This sensor demonstrates dual functionalities, including
the detection of liquid permittivity and solid displacement.

3) Additionally, it is capable of handling both liquid and solid
samples.

MS with multifunctional capabilities is highly valued be-
cause it offers several significant advantages, such as improved
measurement accuracy and the ability to provide more com-
prehensive information about the object or material being de-
tected. Multifunctional sensors can measure multiple parame-
ters simultaneously, delivering richer data compared to single-
function sensors. Moreover, these sensors enhance efficiency
and flexibility by integrating various sensing capabilities into
a single device. This approach is more efficient than using
multiple separate sensors and provides greater versatility, as
one sensor can serve different applications and measurement
requirements. Consequently, this research addresses existing
limitations by reducing system complexity and lowering the
cost of component procurement. Additionally, it offers bene-
fits in terms of cost savings, reduced space requirements, lower
power consumption, and simplified maintenance.

This paper is structured as follows. Section 2 discusses the
design of a microwave sensor based on a split-ring resonator
and coupled L-shaped structures. It includes a proposed dual-
band sensor structure and provides a complete layout structure
along with a parametric iteration. Section 3 explains the simula-
tion and optimization processes for the dual-band MS, focusing
on the electric field distribution and sensing areas, followed by
a detailed simulation of the MS. Section 4 presents the results
and discussion of the dual-band MS. This section includes the
fabrication process of the dual-band MS and evaluates its per-
formance in detecting liquid permittivity as well as solid dis-
placement. Finally, Section 5 concludes the paper.
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2. DESIGN OF MICROWAVE SENSOR BASED ON
SPLIT-RING RESONATOR AND COUPLED L-SHAPED
STRUCTURES

2.1. Proposed of Dual-Band Sensor Structure

It should be noted that the proposed design enables the re-
alization of two distinct functions: one band is dedicated to
detecting permittivity, while the other band is used for dis-
placement sensing, both operating simultaneously. By utiliz-
ing dual-band functionality, each sensing operation (permittiv-
ity and displacement) can function independently without mu-
tual interference. This is accomplished through a design that
effectively separates the operating frequencies for each sensing
function. Additionally, the adoption of dual-band operation en-
hances sensor sensitivity, as each function can be individually
optimized at its respective operating frequency. Achieving sim-
ilar performance with a single-band approach would be more
challenging. Integrating two sensing functions within a single
dual-band device improves overall efficiency and reduces sys-
tem complexity compared to deploying two separate sensors.

Several factors must be considered when designing a dual-
band sensor to ensure optimal performance and accuracy. First,
the sensor structure must be adapted to the type of material be-
ing detected, whether it is solid or liquid, to achieve precise
and reliable measurements. Second, an isolation mechanism or
blocking structure is necessary to ensure that the two frequency
bands operate independently without causing interference be-
tween them. Proper isolation allows the dual-band sensor to
function effectively across both bands. Lastly, the sample size
plays a crucial role in the sensor design, as it influences the dis-
tribution of the electromagnetic fields, which directly impacts
the sensor’s sensitivity and measurement accuracy.

Figures 1(a), 1(b), and 1(c) illustrate the transmission coef-
ficient (| S21]) responses for three scenarios: a single structure,
an integrated microwave sensor structure based on a split-ring
resonator and coupled L-shaped resonator, and the simultane-
ous response of the transmission coefficient for both liquid and
displacement sensors, respectively.

Specifically, Fig. 1(a) shows the |\S;| response when the sen-
sor operates independently. For the liquid sensor application,
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the (|S21|) value occurs at a higher frequency, allowing a wider
range for resonance frequency shifts. In contrast, for the dis-
placement sensor application, the (].S2;]) value is at a lower fre-
quency with a broader bandwidth. This increased bandwidth
results from the coupling of two resonators, which generates
both odd and even modes. Fig. 1(b) depicts the structure of the
split-ring resonator coupled with an L-shaped resonator, along
with the placement of the microfluidic and displacement sen-
sors. The resonator structure features two 50-Ohm termina-
tions, with the split-ring resonator positioned on the left and the
L-shaped resonator on the right. Additionally, a middle cou-
pling structure was developed for facilitating the feed between
the source and load. This coupled structure is crucial in block-
ing the electric field produced by each sensor, allowing the sen-
sors to operate independently [36,37]. Then, Fig. 1(c) shows
the simultaneous response of the transmission coefficient for
the liquid and displacement sensors, demonstrating that the sen-
sors can operate independently.

Figure 2 shows the detailed transmission line approach for
investigation for split ring resonator and coupled L-shaped res-
onator, respectively.

7,0, > Za > Zy g
@ : ® 7,6,
Cl
Z,,8, I
.—
™ Hz.o
Zinis b

Z.,0, ¢ Zpy > Zg;

|||—|

FIGURE 2. Detailed transmission line approach for investigation of (a)
split ring resonator and (b) coupled L-shaped resonator.

The impedance value can be obtained as follows [36,37]:

T = w;gl (1)
Zivois = 3 21 (%) @)
Zpy = w;(i, 3)
Zis = Jci 5)
Zps = Zj <m> (6)
Zps = 21 <%> 7
Znops = S22 ®)
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It should be noted that some of the advantages of using an
SRR as a resonator include the separation of the electric field
from the magnetic field. Consequently, the electric field can
be optimized to detect changes in the permittivity of a sample.
Moreover, SRRs can be easily integrated with other microstrip
components or circuits, enabling the development of complex
wireless systems. Then, the next step is focused on parametric
study of sensor dimension. This is important to obtaining initial
frequency response of the proposed sensor structure.

2.2. Complete Layout Structure and Parametric Iteration

Figure 3 shows a complete layout of split ring and coupled L-
shaped resonator structures including the dimension. It can be
seen that the sensor has a dual-port configuration. Then, it is
connected to 50 Ohm termination. Then, the proposed sensor
was simulated on a Rogers RT/Duroid 5880 substrate with a
permittivity (¢,) of 2.2, a thickness (k) of 1.6 mm, and tan d
of 0.0009. The advantages of using Rogers RT/Duroid 5880
material can be seen in its low loss tangent value of 0.0009.
This results in low sensor attenuation.

Moreover, Figs. 4(a), 4(b), 4(c), and 4(d) show the trans-
mission coefficient values with different lengths of L, trans-
mission coefficient (|.5|) values with different lengths of W,
transmission coefficient values with different gaps of S3, and
transmission coefficient values with different gaps of S, re-
spectively.

In detail, Fig. 4(a) shows that the length of L; significantly
influences the upper frequency, or the frequency of the ring res-
onator. Therefore, adjusting the value of L, allows for opti-
mization to achieve the desired frequency for the liquid sensor.
Fig. 4(b) presents the results of the dimensional iteration for the
length of W;. The simulation results indicate that Wy signifi-
cantly affects the resonance position of the displacement sensor,
with longer W, dimensions leading to lower frequency values.
Fig. 4(c) shows the simulation and dimensional iteration results
for s3, the gap between the liquid sensor and the feeder. As the
gap s3 increases, the (|S21]) value decreases. Additionally, it is
observed that the resonance frequency of the displacement sen-
sor becomes more stable. Fig. 4(d) illustrates the simulation re-
sults of the coupling between the displacement sensor and the
feeder channel. These results demonstrate that increasing the
gap sy results in a lower (|.S,1|) value. The next stage involves
simulation and optimization of the sensing region.

3. SIMULATION AND OPTIMIZATION OF DUAL-BAND
MICROWAVE SENSORS

3.1. Electric Field Distribution and Sensing Areas
Figures 5(a), 5(b), and 5(c) illustrate the electric field distribu-

tion for sensing region of liquid sensor at fis = 2.234 GHz,
sensing region of displacement sensor at fps; = 1.634 GHz,
and (b) sensing region of displacement sensor at fpg; =

1.819 GHz, respectively. The electric field distribution has
same scale from 0kV/m to 30kV/m. Then, Fig. 5(a) shows
that the electric field at the split ring resonator occurs at the gap
region. At frequencies W4 = 1.634 GHzand 4 = 1.819 GHz,
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FIGURE 3. A complete layout of split ring and coupled L-shaped resonator structures. Here, the dimension values are w; = 10.0 mm, w, = 2.0 mm,
w3 = 5.0mm, ws = 53.5mm, [} = 7.5mm, [ = 12.0mm, I3 = 11.5mm, l4 = 6.5mm, [s = 2.0mm, Is = 6.0mm, s; = 1.0mm, s; = 1.0 mm,

sp = 1.0mm, s4 = 1.0mm, Ws = 24 mm, and Ls = 100 mm.
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FIGURE 4. (a) Transmission coefficient values with different lengths of L, (b) transmission coefficient values with different lengths of Wi, (c)
transmission coefficient values with different gaps of \S3, and (d) transmission coefficient values with different gaps of Ss.

the electric field reaches its maximum value in the sensing re-
gion, which functions as a displacement sensor. Additionally, a
low electric field coupling is observed between the liquid sen-
sor and the displacement sensor, indicating minimal interfer-
ence between the two sensors. Simulation of the electric field
distribution reveals that the electric field is focused on the cor-
responding sensing area for each sensor. The electric field cou-
pling between the two sensors is also low, so no interference
occurs. This confirms the good operation separation between
the liquid sensor and the displacement sensor. The simulation
was conducted using a CST simulator. The CST simulation op-
erates based on the Finite Integration Technique (FIT).
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Figures 6(a) and 6(b) show the final layout of proposed split
ring and coupled L-shaped resonator structure, and perpendicu-
lar view of proposed split ring and coupled L-shaped resonator
structure for liquid permittivity and solid displacement detec-
tion, respectively. In detail, Fig. 6(a) shows that the microflu-
idic channel has dimension of r;, = 1mm, r,,; = 1.5mm.
For solid displacement detection, the FR4 substrate with a per-
mittivity (¢,.) of 4.3, a thickness (h) of 1.6 mm, and tand of
0.0265 was used. Moreover, the solid sample dimension of
wy = 10mm and [4 = 20mm. Then, the proposed sen-
sor structure has a full ground-plane structure, as shown in
Fig. 6(b).
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FIGURE 6. (a) Final layout of proposed split ring and coupled L-shaped
resonator structure, and (b) perpendicular view of proposed split ring
and coupled L-shaped resonator structure for liquid permittivity and
solid displacement detection where r;, = 1 mm, 75,,+ = 1.5 mm, and
solid sample dimension of w4 = 10mm and /4 = 20 mm.

3.2. Simulation of Microwave Sensors

Figures 7(a), 7(b), and 7(c) show the transmission coefficient
with different values of relative permittivity, transmission co-
efficient with different values of loss tangent, and transmission
coefficient with different values of solid displacements, respec-
tively. The simulation shows that the peak frequency position
of the liquid sensor shifts as the permittivity value varies from
1.0 to 80.0. As the permittivity increases, the liquid sensor’s
peak shifts further to the left, as shown in Fig. 7(a). Meanwhile,
an increase in the tan d results in a decrease in the magnitude
of the transmission coefficient. Additionally, the response of
the displacement sensor remains stable, demonstrating that the
sensors can operate independently, as illustrated in Fig. 7(b).
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Then, Fig. 7(c) shows the independent response of the sensors.
Specifically, when the solid material is shifted by a distance
of 1.0 to 10.0 mm, only the transmission coefficient of the dis-
placement sensor shifts, while the liquid sensor does not exhibit
any significant shift.

4. RESULT AND DISCUSSION OF DUAL-BAND Mi-
CROWAVE SENSORS

4.1. Fabrication of Dual-Band Microwave Sensor

Figures 8(a), 8(b), 8(c), and 8(d) illustrate the measurement
setup of integrated and independent dual-band MS for the de-
tection of liquid permittivity and solid displacement, liquid per-
mittivity sensor, and displacement solid sensor, respectively.
Figure 8(a) shows the sensor connected to a vector network
analyzer (VNA) device with a 50-Ohm SMA termination. The
figure also illustrates multiple peaks in the transmission coef-
ficient, corresponding to the liquid sensor (LS) and displace-
ment sensor (DS) applications. For the displacement sensor,
two peaks are observed in the transmission coefficient. At
higher frequencies, harmonic responses are also visible; how-
ever, these harmonics are not utilized in this study, as they in-
troduce additional complexity and may produce other complex
modes. The liquid sample used is ethanol, with concentrations
ranging from 0% to 100% in increments of 10%. Fig. 8(b)
shows the microfluidic setup, including the inlet and outlet for
introducing the liquid sample. Fig. 8(c) illustrates the displace-
ment sensor with a solid material sample. To aid in precise
measurements during the investigation, mm-grid paper is used
as a step reference value. Fig. 8(d) shows the size of MS for
detection of liquid permittivity and solid displacement.
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4.2. Evaluation of Liquid Permittivity Detection value at maximum transmission coefficient with different rela-
. o . tive permittivities, respectively. Moreover, changes in the rel-
Figures 9(a) and 9(b) show the transmission coefficient re- ative permittivity of the liquid due to variations in ethanol con-

sponse with different ethanol concentrations, and the frequency
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centration cause a shift in the resonant frequency of the lig-
uid sensor. The higher the ethanol concentration is, the greater
the shift is in resonance frequency of the liquid sensor towards
higher. This allows the sensor to be used in ethanol concen-
tration detection applications accurately. The correlation val-
ues can be evaluated using R2. The closer the value is to one,
the higher the correlation is. Fig. 9(b) shows an R? value of
0.9738 between the frequency position and permittivity value.
The margin of error can be calculated using 1-R2. Therefore,
the margin of error is approximately 1-3%. Then, Figs. 10(a)
and 10(b) show FDR values with different relative permittivi-
ties, and NS values with different relative permittivities.

Figure 9(a) clearly demonstrates that the peak transmission
coefficient frequency ( fs) shifts with varying ethanol concen-
trations. At 0% ethanol (pure water), the peak fis occurs at
2.141 GHz with a magnitude of —10.52 dB. In unloaded condi-
tions (without a sample), the fig peak is located at 2.236 GHz
with a magnitude of —5.173 dB. Additionally, Fig. 9(a) shows
that the peak values for the displacement sensor remain stable.
The upper frequency peak (fps;) occurs at 1.631 GHz with a
magnitude of —8.47 dB, while the lower frequency peak (fpsz)
is at 1.811 GHz with a magnitude of —8.01 dB. These measure-
ments confirm that the liquid sensor operates independently.

To ensure the stability of the sensor, measurements were con-
ducted five times under controlled environmental conditions,
with a room temperature of 29°C and humidity at 60%. For
evaluation purposes, the ethanol concentration values were in-
terpreted as permittivity values. Details regarding the rela-
tionship between ethanol concentration and its corresponding
permittivity values can be found in [38]. Fig. 9(b) illustrates
a strong correlation between changes in permittivity and fre-
quency shifts. The resulting regression equation yields an R?
value 0f 0.9738, indicating a very high correlation between con-
centration changes and frequency shifts. To evaluate the perfor-
mance of the liquid sensor, we utilize FDR and NS. The equa-
tion for calculating FDR is as follows [39, 40]

= Jfo
Ae,

FDR = )
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Then, the normalized sensitivity value is defined as fol-
lows [41]:

f—Jo
7]00 1) x 100

NS (%) = (10)

where NS(%) is the sensitivity of permittivity sensor, and
fo stands for the frequency when air is used as the sample.
Fig. 10(a) and 10(b) show FDR value with different relative
permittivities, and NS value with different relative permittivi-
ties, respectively. The maximum FDR value is 1.64. Then, the
average FDR is 1.40. Moreover, the maximum and average of
NS are 0.073% and 0.06%, respectively.

4.3. Evaluation of Solid Displacement Detection

Figure 11 shows the transmission coefficient response with dif-
ferent solid displacement distances. It can be observed that
fos1 and fpsy shift, with the magnitude of the shift decreas-
ing as the frequency change becomes smaller. Meanwhile, fig
remains stable at a frequency of 2.243 GHz with a magnitude
of —4.71 dB. This indicates that the sensors operate indepen-
dently.

Figures 12(a) and 12(b) show the frequency value at max-
imum transmission coefficient with different solid displace-
ments and sensitivity value with different solid displacements,
respectively. It can be seen that the fps; and fps; frequencies
exhibit values of R?> = 0.997 and R? = 0.990, respectively, in-
dicating a strong correlation between displacement distance and
frequency shift. This high correlation demonstrates the sensor’s
effectiveness in detecting displacement changes. The maxi-
mum displacement sensitivity is 10.0 MHz/mm for fps, and
10.5 MHz/mm for fps;, while the average displacement sen-
sitivity values are 4.98 MHz/mm and 8.02 MHz/mm for fpg,
and fpgi, respectively. These values confirm the sensor’s re-
liable performance and sensitivity across different measure-
ments. The margin of error can be calculated using 1-R.
Therefore, the margin of error is approximately 1-3%.

The advantages of the design for displacement detection is
that the displacement sensor has a high sensitivity that can de-
tect changes in position or solid displacement. The change in
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resonator hydrate,
(2021) Acetone, ect
Air,
T- RO5880,
[44] | Resonators 1 frea. | L0 0.016 5.13 - - - RO4003C, | 2400 -
(2024) s : FR4,
RO3006
Comple-
mentary Freq. 1.0-
[45] SRR 1 shift 300 149.2 0.149 - - Ethanol - 1200 -
(2024)
Asymmetric
Ring Freq. 1.0-
[37] Resonator 1 shift 30.0 NA 0.016 Ethanol - >2400 -
(2023)
Defected
ground Freq. ) . } ) )
(461 structure ! shift 3.0 720 NA NA
(2016)
SRR Ref.
[25] (2012) 1 mode - - - 0.6 NA - Rogers 133.33 -
Step
. ; Freq. Rogers
[26] 1111([;%(12‘1;;@ 1 shift - - - 7.0 52.0 - RO3006 NA -
SRR Freq. Rogers
[27] (2014) 1 shift - - - 3.0 41.0 - RO4003 >2400 -
Comple-
mentary Freq.
[28] SRR 1 shift - - - 7.0 43.0 - NA 616 -
(2011)
. SRR and
This 1 - gupled L- 2 Freq. 1.0 1.64 0.073 12,0 10.5 Ethanol FR4 2400 yes
work Resonators shift 80.0

FDR = frequency detection range, NA = not available information, NS = Normalized sensitivity.
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FIGURE 12. (a) The frequency value at maximum transmission coefficient with different solid displacements, and (b) sensitivity value with different

solid displacements.

solid displacement will cause a shift in the resonant frequency
of the sensor (fps; and fpsz) which can be measured well. The
response of the displacement sensor is only affected by changes
in solid displacement, without being affected by the response
of the liquid sensor. This enables independent measurement of
solid displacement without interference from liquid measure-
ment. The limitations of the design for displacement detection
are that the limited measurement range may limit the applica-
tion of the sensor, and the integration of the displacement sensor
and liquid sensor in a single device may add to the complexity
of the design and fabrication. This can increase the cost and
challenges in implementation.

Table 1 highlights the position and advantages of this re-
search. In previous studies, many MSs have been proposed
to detect the permittivity function with liquid and solid sam-
ple characteristics. There are other studies of MS as a function
of displacement with solid characteristics as a sample material
that have been researched. This study has successfully designed
a dual-band microwave sensor using an SRR and a coupled L-
shaped structure. On the sensor performance and results ob-
tained, the proposed sensor can work dual bands with two func-
tions, first band for permittivity detection and second band for
displacement sensor, both of which can work simultaneously.
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While the NS value for the liquid sensor is relatively high, the
displacement sensitivity is slightly lower. However, this study
demonstrates the sensor’s ability to evaluate displacement over
a wider dynamic range with dual functional capabilities. How-
ever, it should be noted that the main disadvantage of MS lies in
its nonlinear nature, which is evident in the responses of both
the liquid sensor and displacement sensor. This nonlinearity
arises from the fundamental capacitance equation, which is in-
versely proportional to distance. As a direction for future re-
search, the investigation of nonlinear properties and the use of
modified SRR structures could be explored to achieve higher
sensitivity. Overall, this research has potential for future de-
velopment in IoT applications, particularly for environmental
monitoring involving liquid and solid materials.

5. CONCLUSION

This study has successfully designed a dual-band microwave
sensor using a split-ring resonator and coupled L-shaped struc-
tures for detecting liquid permittivity and solid displacement.
The sensor is fabricated on a Rogers RT/Duroid 5880 substrate
with a permittivity of 2.2, a thickness of 1.6 mm, and a loss tan-
gent of 0.0009. An ethanol-water mixture is selected as a sam-
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ple to measure the permittivity of the liquid. Moreover, FR4
is chosen as the test sample to measure the displacement of the
solid. As a result, the maximum FDR is 1.64, and the average
FDR is 1.40. The maximum and average NS values are 0.073%
and 0.06%, respectively. The maximum displacement sensitiv-
ity is 10.0 MHz/mm for fps; and 10.5 MHz/mm for fps;, while
the average displacement sensitivity values are 4.98 MHz/mm
and 8.02 MHz/mm for fps; and fpsi, respectively. These val-
ues confirm the sensor’s reliable performance and sensitivity
across different measurements. In the future, a potential ap-
plication identified for this sensor in IoT technology is in the
industrial sector, where it could serve as a solution for direct
measurement and detection in storage system tanks. Permittiv-
ity sensors can operate as quality monitors for the contents of
storage tanks through pipes or delivery hoses, while displace-
ment sensors can function as quantity monitors for the tank con-
tents. Additionally, these sensors can be applied to monitor and
measure both the quality and quantity of water in dams, rivers,
and drainage systems within the environmental sector.
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