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ABSTRACT This paper proposes a single-port interdigital capacitor (IDC) resonator based on asymmetric
branch feed line with high stability performance for permittivity detection of solid materials with a
permittivity range of 1 - 6.15. The microwave sensor is designed using a single-port resonator operating at
two different resonant frequencies fr1 = 1.61 GHz and fr, = 2.52 GHz. Dual band frequency was proposed
using asymmetric branch feed line. In addition, to confine the electric field concentration of the resonator, an
interdigital capacitor (IDC) structure is proposed as a solution. Furthermore, a copper shield was proposed as
conducting material to evaluate performance stability of the sensor from disturbance effect with range of d =
1 cm — 2.5 cm. Based on the measurement results, the sensor has high stability both without and with
disturbance with an a Frequency Detection Resolution (FDR) of 0.009 - 0.4 GHz/Ae;, a Normalized
Sensitivity (NS) of 0.4% - 4.4%, and an average accuracy of 90% - 95% for both resonance frequencies,
respectively. Therefore, this sensor can be recommended for several applications such as biomedical industry,
pharmaceuticals and material quality control especially for outdoor measurements that are potentially affected
by electromagnetic interference and disturbance.

INDEX TERMS Dual-band, high stability, interdigital capacitor, microwave sensor, single-port resonator

I. INTRODUCTION

Microwave sensors (MS) have seen significant
advancement in the evaluation of both solids and liquids due
to their advantages, such as high precision, a high Q-factor,
cost-effectiveness, and compactness [1]-[3]. One of the

[21],[22] have been developed for solid and liquid material
assessment.

Previous work presented a single-port MS based on slot
loaded [23] and dual U-shaped [24] for solid material
characterization. Furthermore, another work proposed a

measurable properties using MS is permittivity, which
reflects a material's ability to sustain an electric field. The
permittivity of the material under test (MUT) can be
determined via perturbation theory, assuming the MUT
behaves as a capacitive load [4]-[6]. Several microwave
sensors based on resonators like the Split Ring Resonator
(SRR) [7]-[10], Complementary Split Ring Resonator
(CSRR)[11]-[13], Substrate Integrated Waveguide (SIW)
[14],[15], Interdigital Capacitor (IDC) [16]-[20], AMC
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dual-function permittivity sensor with an antenna using a
single-port resonator for solid material characterization
using an aperture coupling structure [25]. In addition,
previous work [26] proposed a single-port microwave sensor
based on dual T-shaped for contact and long-distance
detection. The advantage of a single-port resonator-based
microwave sensor is that it can also function as an antenna
for data transmission[27]. However, the performance of a
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single-port resonator-based microwave sensor has a high
potential to be inferred by electromagnetic waves and is also
susceptible to disturbance. This is because the single-port
resonator also transmits electromagnetic waves so that it is
more susceptible to environmental disturbances, for example
conducting materials. In addition, another limitation is that
there is a higher likelihood of interference between the input
and reflected signals. This can lead to difficulties and
instability in the accuracy of representing measurement data.
Therefore, a single-port resonator-based microwave sensor
with high stability is needed to obtain accurate and reliable
measurement results.

This work provides an excellent solution by proposing a
high stability single-port MS based on Interdigital Capacitor
(IDC) structure. The MS is designed to operate at two
different frequencies f.1 = 1.61 GHz and f,» = 2.52 GHz using
an asymmetric branch feed line while the IDC structure is
used to confine the concentration of the E-field in the sensing
area so that the sensor is more focused on detecting samples.
Furthermore, to observe the performance stability of the
proposed sensor, a rectangular copper shield as conducting
material is placed right above the sensor surface with a
distance range of d = 1 ¢cm - 2.5 cm to emulate as a
disturbance. The performance of the sensor observed in this
work is related to frequency shift, AF, Frequency Detection
Resolution (FDR), Normalized Sensitivity (NS) and average
accuracy. In addition, an interdigital capacitor structure also
can minimize the H-field distribution so that the highest E-
field concentration is focused on the sensing area of the
proposed sensor. From the measurement results, the
proposed sensor has high stability both without and with
disturbance for a distance range of d =1 - 2.5 cm. The sensor
has stable performance with a frequency detection resolution
of 0.009 - 0.4 GHz/Ae,, a normalized sensitivity of 0.4% -
4.4%, and an average accuracy of 90% - 95% for both
resonance frequencies, respectively.

Il. WORKING PRINCIPLE OF PROPOSED SENSOR

This section explains the structure, equivalent circuit and
sensing area location determination of the IDC resonator using
asymmetric branch feedline.

A. DEVELOPMENT
RESONATOR
Furthermore, to estimate the performance of the
resonator having dual band characteristics, a development
model of the proposed resonator was represented as shown
in Fig. 1. The 1% model of the resonator is represented by a
T-shaped resonator operating at a single band at a frequency
of 2.26 GHz. Furthermore, the 2" model is represented by a
T-shaped connected with two open-ended inductive arms
that function as branch lines that generate a single band
resonant frequency of 1.16 GHz. The resonant frequency of
the resonator moves to a lower frequency in line with the
increase in the arm length of the resonator. In the 3™ model,

MODEL OF PROPOSED
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the IDC structure is connected with two open-ended
inductive arms of the resonator that produce dual-band
characteristics with f,1 = 1.62 GHz and f,, = 2.42 GHz.
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FIGURE 1. Development model of proposed resonator, (a) 1st model, (b)
2nd model, (c) 34 model
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FIGURE 2. Model of the microwave sensor; (a) dimensions of the
microwave sensor, (b) structure of the microwave sensor, (c) simulation
of the reflection coefficient of the microwave sensor.

B. STRUCTURE OF PROPOSED IDC RESONATOR
USING ASYMMETRY BRANCH FEED LINE

The proposed microwave sensor is designed using FR-4
substrate type with dielectric constant (gr) 4.3, loss tan (tan
o) 0.0265 and thickness (h) 1.6 mm. The microwave sensor
is designed using a single-port resonator operating at two
different resonant frequencies f1 = 1.62 GHz and f, = 2.42
GHz. To produce dual frequencies, the resonator is
connected with RP-SMA connector with impedance of 50 Q
using dual-feed approach.

In addition, to increase the electric field concentration of
the resonator, interdigital capacitor (IDC) structure is
proposed as a solution. Fig. 2 (a) shows the dimensions of
the proposed sensor. Furthermore, Fig. 2 (b) shows the
structure of the proposed sensor where the sensor is designed
using a PCB with two copper layers while the upper layer of
the PCB is used to place the sensor made of copper and the
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FIGURE 3. Modeling of the proposed sensor; (a) Equivalent circuit of the
proposed sensor, (b) comparison of simulation results from FEM and
EQC.
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FIGURE 4. Simulation result of single port resonator, (a) efficiency and
gain of proposed resonator, (b) comparison between input, accepted dan
transmitted power of proposed resonator

lower layer is used as a ground plane. The simulation results
of the proposed sensor are shown in Fig. 2 (c) where the
sensor operates at two different resonant frequencies, namely
fr1 = 1.62 GHz and fr, = 2.42 GHz.

The dimensions of the proposed sensor are represented by
Wy =50 mm, Lg =50 mm, Ws = 3.1 mm, L, =15 mm, L, =
17.3mm, L, =159 mm, Ws=1mm, L, =26.7 mm, L4 =13.7
mm, L. = 11.8 mm and L; = 11.8 mm. Furthermore, the
dimensions of the IDC structure are represented by W;=11.7
mm and L; = 25 mm while the gaps in each IDC are
represented by Gi = Gs= 1 mm. It should be noted that the
width and length of the gap greatly affect the electric field
concentration and the resonant frequency of the proposed
sensor.

The performance in terms of gain and efficiency of the
single port resonator are shown in Fig. 4(a) and Fig. 4(b).
Furthemore, Fig. 4 (a) shows that the proposed resonator has
low efficiency at fr1 = 1.61 GHz and fr, = 2.42 GHz of 3.04%
and 0.68%, respectively. In addition, the gain of proposed
resonator is also very low where for f1 = 1.62 GHz and f., =
2.42 GHz it is -10.37 dB and -16.63 dB, respectively.
Furthermore, the ratio between the input power, received
power and transmitted power of the proposed resonator is
also very low as shown in Fig. 4 (b). From the simulation
results, the default input power is 1 watt while the
transmitted power for fi; = 1.62 GHz and fr, = 2.42 GHz is
0.98 watt and 0.97 watt. However, the transmitted power is
very low where for f; = 1.62 GHz and fr, = 2.42 GHz is 0.03
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FIGURE 5. Simulation result of radiation pattern, (a) radiation pattern at
fi1 = 1.62 GHz, (b) radiation pattern at fr» = 2.42 GHz

watt and 0.006 watt, respectively. Furthermore, the radiation
pattern of the proposed resonator is shown in Fig. 5 (a) and
Fig. 5 (b) where f1 = 1.62 GHz and f» = 2.42 GHz have a
maximum gain of -10.38 dB and -17.02 dB. This finding
indicates that the proposed resonator has low performance to
function as an antenna due to low efficiency and gain. Thus,
this structure is more suitable for microwave sensors.

C. EQUIVALENT CIRCUIT MODEL OF PROPOSED
RESONATOR

Next, the proposed sensor can be modeled using an
equivalent circuit (EQC) based on resistor (R), capacitor (C)
and inductor (L) [28] as shown in Fig. 3 (a). The equivalent
circuit of the proposed sensor is calculated and simulated
using AWR 2009 and compared with Finite Element
Modeling (FEM) as shown in Fig. 3 (b). Based on the
equivalent circuit shown in Fig. 3 (a), the feedline of the
resonator is represented by L1 = 14 nH which is connected to
port 1 with an impedance of Zy = 50Q. In this work, the
asymmetric branch feedline is represented by L, = 15.3 nH
and Ls = 0.71 nH as the 1% arm while the 2" arm is
represented by Ls = 0.000242 nH, Ls = 20.89 nH and Lg =
9.18 nH. In addition, the IDC resonator is represented by two
resonators with series configuration connected in parallel
where R, = 0.027 kQ, L, = 41.97 nH, C, = 805 pF while for
Rp = 2.46 kQ, L, = 0.262 nH and C, = 6.28 pF. To prevent
short circuits, Cg = 1 pF is proposed as grounding. Overall,
the resonant frequency of the resonator can be determined
using the following equation [27]:
1

fr=oniic 1)

Fig. 3 (b) shows that the simulation results of EQC and
FEM have identical characteristics where the resonator
operates in dual band with f1 = 1.62 GHz and fr, = 2.42 GHz.
This finding indicates that the proposed equivalent circuit
model has represented the working principle of the proposed
resonator.

D. SENSING AREA DETERMINATION

In this work, the sensor is designed to detect the permittivity
of the sample by observing the interaction between the
electric field and the permittivity of the sample used. The
resonator surface that has a high electric field (E-field) can
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FIGURE 6. E-field and H-field simulations; (a) E-field at fr1 = 1.62 GHz, (b)
E-field at fr> = 2.41 GHz, (c) H-field at fr1 = 1.62 GHz, (d) H-field at fr> = 2.42
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be recommended as the sensing area used to place the
sample. The sample used is a dielectric sample that does not
contain metal. Furthermore, the electric field and magnetic
field concentrations of the IDC-based resonator are shown in
Fig.6 (a), Fig.6 (b), Fig.6 (c) and Fig.6 (d).

Furthermore, Fig. 6 (a) and Fig. 6 (b) show that the
highest electric field concentration of the proposed resonator
at f1=1.62 GHz and f»= 2.42 GHz is on the IDC surface of
the proposed sensor with a range of 1.07 — 15.74 kV/m. In
contrast, the magnetic field concentration of the proposed
resonator at f1=1.62 GHz and fr,= 2.42 GHz are very low and
is in the range of 0.005 — 270 A/m as shown in Fig. 6 (c) and
Fig. 6 (d). These findings indicate that the IDC surface has a
high electric field and a low magnetic field so that it becomes
a potential location as a sensing area that can be
recommended to place samples to be detected. It also shows
that the application of the IDC structure has successfully
confined the electric field and reduced the magnetic field in
the proposed sensor.

Moreover, Fig. 7 (a) shows the scenario of dielectric
sample placement on the proposed sensor. In this work, the
dielectric sample is placed in the sensing area determined
based on the highest E-field concentration with dimensions
of 10.7 mm x 23 mm x 1 mm. The samples used consist of
four types of dielectrics with different permittivity where
RO5880 is 2.2, RO4003C is 3.65, FR4 is 4.3 and RO3006 is
6.15. The proposed sensor is connected to a Vector Network
Analyzer (VNA) and a PC using a coaxial cable and a USB
cable with a frequency range of 1 - 3 GHz and a span of 0.001
GHz. The frequency response of fi, and f,, based on the
permittivity change of the dielectric sample is shown in Fig.
7 (b). Overall, the resonant frequencies of f,1 = 1.62 GHz and
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FIGURE 7. (a) Scenario of sample placement of proposed sensor, (b)
simulation result of resonance frequency fri and frz with permittivity
changes, (c) AF of proposed sensor for fi1 and fi2

fro = 2.42 GHz shift to low frequencies in line with the
increase of the permittivity of the sample. Based on the
simulation results, fr1 shifts from 1.64 GHz to 1.63 GHz
while for fr, it shifts from 2.42 GHz to 2.02 GHz for the
permittivity range of 1 - 6.15. Furthermore, the AF of f;; and
fr» are shown in Fig. 7(c) where for f1 and f, are 0.01 GHz
and 0.4 GHz, respectively.

These findings indicate that the proposed sensor can
sense the permittivity change of the dielectric sample based
on the frequency change. The resonant frequency of the
resonator moves toward the low frequency in line with the
increase in the permittivity of the dielectric sample. In
addition, fr is more sensitive than f;; because it has a higher
frequency [2] and has a higher electric field concentration
compared to fr1 as shown in Fig. 7 (c).

I1l. MEASUREMENT RESULT AND VERIFICATION

This section will discuss the measurement and validation of
the proposed sensor, the performance and response of the
proposed sensor based on the analysis of the disturbance
effects. In this work, the proposed sensor is given a rectangular
copper shield disturbance placed on the surface of the sensor.

A. MEASUREMENT OF PROPOSED SENSOR

The next stage is to validate the performance of the proposed
sensor to characterize solid materials. In this work, the
samples used are solid materials whose permittivity has been
known based on the datasheet with a range of 1 - 6.15. Solid
materials used as samples include RO5880 with a
permittivity of 2.2, RO4003C with a permittivity of 3.65,
FR4 with a permittivity of 4.3 and RO3006 with a
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FIGURE 9. Measurement of the proposed sensor; (a) measurement
setup, (b) comparison of simulation and measurement, (c) measurement
setup of proposed sensor with copper shield, (d) measurement result
from proposed sensor with and without shield

permittivity of 6.15. The dimensions of the samples used are
adjusted to the location of the sens ing area of the proposed
sensor, which is 12.7 mm x 25 mm with a sample thickness
of 1.6 mm. The measurement scenario and placement of
solid samples on the proposed sensor are shown in Fig. 8. In
this work, the solid sample with dimensions of 10.7 mm x 23
mm X 1.6 mm is placed on the sensing area surface protected
by a rectangular copper shield with dimensions of 50 x 50
mm X 1.58 mm. The copper shield is placed using a brass
spacer placed at a certain distance represented by d. It should
be noted that the copper shield is proposed as disturbance
and also focuses on the electric field so that it is fully
concentrated on the sample. The measurement process of the
sensor is carried out in the laboratory using a VNA
measuring instrument connected to the sensor using a coaxial
cable via port 1 while the reading of the measurement results
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FIGURE 10. Shift of resonance frequency of proposed sensor; (a)
without shielded, (b) with cooper shielded of d = 1 cm, (c) with cooper
shielded of d = 1.5 cm, (d) with cooper shielded of d = 2.5 cm

is carried out using a PC connected to the VNA via a USB
cable. The measurement process is carried out in a closed
room with an ambient temperature of 25°C as shown in Fig.
9 (a). Next, a comparison of the simulation and measurement
results of the proposed sensor is shown in Fig. 9 (b). From
the measurement results shown in Fig. 9 (b), fi1 shifts from
1.62 GHz to 1.61 GHz while fy, shifts from 2.42 GHz to 2.52
GHz. These findings indicate that the proposed sensor has
identical performance between simulation and measurement
with error rates of 0.6% and 4.1% for f.1 and fr2, respectively.

Moreover, the measurement setup of the sensor with a
copper shield with a distance of d = 1 — 2.5 cm is shown in
Fig. 9 (c). Based on measurement results, the resonant
frequencies of f;1 and fr, are fixed and not affected by the
copper shield placed right above the proposed sensor as
shown in Fig. 9 (d).

B. PERFORMANCE OF PROPOSED SENSOR WITH
ANALYSIS DISTURBANCE EFFECT

In this work, disturbance in the form of rectangular copper
shield is placed above the sensor with a distance range of d
=1 - 2.5 cm. The performance of the sensor is observed
based on the shift in resonance frequency based on the
permittivity of the dielectric sample placed in the sensing
area. Furthermore, the four solid material samples are placed
right above the sensing area surface of the sensing area where
the sensor condition without sample (vacuum) with g, of 1 is
used as a reference. In addition, the effects of disturbance are
also observed separately when the sensor is without copper
shield and using copper shield with a distance of d =1 cm -
2.5 cm as shown in Fig. 10 (a), Fig. 10 (b), Fig. 10 (c) and
Fig. 10 (d). Furthermore, the frequency shift of the sensor
(AF), normalized sensitivity and frequency detection
resolution (FDR) which is determined based on the
following equation[29] [30]:
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Af = (fl unl?aded - ffloaded) GHz 2
_ unloaded~J loaded \ ¢

NS = Agy ( funioaded ) % (3)

FDR = +— GHz 4)

where AF represents the frequency shift range, funloaded 1S
the resonance frequency when the sensor is in a vacuum
condition while fieadeq is the frequency of the sensor when the
sample is loaded, NS is the normalized sensitivity and Ag; is
the difference between the permittivity of the reference
sample and the permittivity of the sample loaded to the
sensor.

Furthermore, the correlation between the resonant
frequency and permittivity changes of the four dielectric
samples for shielded condition is shown in Fig.10 (a) where
fr1 shifts from 1.62 GHz to 1.56 GHz while for f., shifts from
2.52 GHz to 2.1 GHz for the permittivity range of 1 - 6.15.
Furthermore, the performance of the sensor with copper
shielding ford =1 cmand d = 1.5 cm is shown in Fig. 10 (b)
and Fig. 10 (c) where fy1 shifts from 1.61 GHz to 1.58 GHz
while for fr, from 2.52 GHz to 2.02 GHz, respectively. In line
with the previous, fi1 shifts from 1.61 GHz to 1.58 GHz and
fro from 2.52 to 2.12 GHz for d = 2.5 cm as shown in Fig. 10
(d). The resonant frequency shift of the sensor is represented
as AF which can be determined using Eq. (2). Furthermore,
AF of the proposed sensor is shown in Fig. 11(a), Fig. 11(b),
Fig. 11(c) and Fig. 11(d).

From the measurement results, the maximum AF of the
proposed sensor has a stable performance where for fiq is
0.03 GHz and fy, is 0.4 GHz for conditions with or without
copper shielding. In addition, the same findings for the
Frequency Detection Resolution (FDR) of the proposed
sensor which can be determined using Eq. (4) where for the
maximum FDR for fi1 is 0.009 GHz / Ae, while for fr; is 0.11
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GHz / A, for both conditions with or without shielding as
shown in Fig. 12(a), Fig. 12(b), Fig. 12(c) and Fig. 12(d).

These findings indicate that the performance of the
proposed sensor is not significantly affected by the addition
of disturbance in the form of a copper shield. AF and FDR of
the proposed sensor are relatively stable to detect the
permittivity of dielectric samples with a permittivity range of
1-6.15.

The normalized sensitivity (NS) of the proposed sensor can

be determined based on Eq. (3). Furthermore, the NS of the
proposed sensor for conditions with or without copper shield
are shown in Fig. 13 (a), Fig. 13 (b), Fig. 13 (c) and Fig. 13
(d). Based on the measurement results, the NS for the sensor
with the condition without copper shield is in the range of
0.53% - 0.62% for f,1 while for f;2 it is in the range of 3.21%
- 4.38% as shown in Fig. 13(a). Furthermore, the NS for the
sensor condition with copper shield for d = 1 cm is in the
range of 0.43% - 0.83 for fi; and fr, in the range of 3.33 -
4.43% as shown in Fig. 13 (b). In addition, the NS for the
sensor with copper shield condition for d = 1.5 cm is in the
range of 0.43% - 0.62% for f,1 while for f;, is in the range of
3.33% - 4.43% as shown in Fig. 13 (c). Finally, the NS for
the sensor with copper shield for d = 2.5 cm is presented by
Fig. 13 (d) where f1 is in the range of 0.43% - 0.62% while
for fr, is in the range of 3.06% - 4.38%.
This finding indicates that the NS of the sensor with copper
and without shield is stable because the electric field is more
concentrated in the sensing area of the proposed sensor. This
finding is also in line with the simulation where the E-field
concentration of the IDC-based sensor is more dominant
compared to the H-field so that the electric field from the
sensor is focused in the sensing area of the sensor. In
addition, the NS of the sensor without and with copper shield
for the range d = 1 cm - 2.5 cm has a stable performance in
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FIGURE 13. Normalized sensitivity of proposed sensor; (a) without
shielded, (b) with cooper shielded of d = 1 cm, (c) with cooper shielded
of d = 1.5 cm, (d) with cooper shielded of d = 2.5 cm

the range of 0.4% - 0.8 % and 3% - 4% for fi1 and fy,
respectively .

This finding also shows that the addition of copper shield
with a range of d =1 cm - 2.5 cm as a disturbance has no
significant effect on the performance of the proposed sensor
and can be used to confined the electric field of the proposed
sensor in the specific sensing area.

C. ACCURACY OF PROPOSED SENSOR

Furthermore, the correlation between resonance frequency
and permittivity can be derived into a third-order polynomial
equation that can be used to determine the permittivity of
solid materials [31]-[33] as shown in Fig.14 (a), Fig. 14(b),
Fig. 14(c), Fig. 14(d), Fig. 14(e), Fig. 14(f), Fig. 14(g) and
Fig. 14(h). Based on the correlation between the resonant
frequency and permittivity from the measurement result, the
permittivity of the dielectric sample for the condition without
copper shielding can be determined based on the third-order
polynomial equation as follows:

&1 =4 fr13 +a, fr12 —azfrta, G
&2 = b1fr23+b2fr22_b3fr2+b4 ®)

where g1 is the permittivity of the sample based on f;1 and
€r2 IS the permittivity based on fr.. Furthermore, based on the
third order polynomial equation, the values of a; = -78.685,
a; = 174.14, a3 =75667, a, = 0, by = -156.76, b, =1091.2, b;
=2537 and b, =1973.3 are obtained for conditions without
copper shield as shown in Fig. 14 (a) and Fig. 14 (b). Next,
for d = 1 cm the values are obtained from a; =-143572, a; =
691050, az =1E+06, as = 593083, by = -133.95, b, =930.72,
b3 =2161.1 and b, =1680 while for d = 1.5 cm the values are
obtained from a; = -54026, a, = 260387, a3 =418443, as =
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FIGURE 14. Polynomial equation based on resonant frequency and
permittivity; (a) without shielded for fr1, (b) without shielded for fr2, (c) with
cooper shielded of d = 1 cm for f1, (d) with cooper shielded of d =1 cm
for fi2, () with cooper shielded of d = 1.5 cm for fi1, (f) with cooper shielded
of d = 1.5 cm for fi2, (g) with cooper shielded of d = 2.5 cm for f1, (h) with
cooper shielded of d = 2.5 cm for fr.

224209, b; =-125.03, b, =876.5 , b3 =2053.8 and b, =1611.1
as shown in Fig. 14 (c), Fig. 14 (d), Fig. 14 (e) , Fig. 14 (f).
Finally, for the condition d = 2.5 cm the values are obtained
from a; = -19381, a, = 928985, az = -1E+06, as = 790597, b,
=-188.7, b, =1323.7 , b; = -3100 and b, =2426.3 as shown
in Fig. 14 (g) and Fig. 14 (h). Overall, the permittivity based
on calculations for f;1 and fr, is shown in Table I and Table
1.

TABLE |
ACCURACY OF PROPOSED SENSOR FOR 1°" RESONANT FREQUENCY

Shielded cooper

No shielded d=1cm d=15cm d=25cm
€r er Acc. €r Acc. &r Acc. €r Acc.
reference  calc. (%) calc. (%) calc. (%) calc. (%)
1 094 9354 098 9825 097 9736 097 97.20
2.2 244 8921 239 9151 237 9213 233 9392

3.65 341 9332 323 8861 334 9146 332 90.84
43 435 9886 477 89.14 452 9482 475 89.50
6.15 6.16 99.86 593 9639 6.09 99.06 593 96.37
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FIGURE 15. Accuracy of proposed sensor; (a) without shielded, (b) with
cooper shielded of d = 1 cm, (c) with cooper shielded of d = 1.5 cm, (d)
with cooper shielded of d = 2.5 cm

TABLE Il
ACCURACY OF PROPOSED SENSOR FOR 2"° RESONANT FREQUENCY

Shielded cooper

€ No shielded d=1cm d=15cm d=25cm
reference & Acc. & Acc. & Acc. & Acc.
calc. (%) calc. (%) calc. (%) calc. (%)
1 0.91 9139 092 9173 097 9726 095 94.94
2.2 2,51 86.00 248 8711 228 9621 234 9352
3.65 3.23 88.58 327 8957 344 9411 333 9135
4.3 4.72 90.12 464 9204 456 9396 489 86.24
6.15 5.92 9631 599 9736 6.05 9836 578 94.01

Based on Table | and Table 11, the proposed sensor has
good average accuracy where for the condition without
copper shield it is at 94.96% and 90.48% for fi1 and fr,
respectively. Furthermore, the average accuracy for fr1 and
fr for the sensor with copper shield is 92.78% and 91.72%
for d = 1 cm and for d = 1.5 cm the average accuracy is
94.97% and 95.98% while for d = 2.5 c¢cm, the average
accuracy is at 93.57% and 92.01%, respectively.

This finding shows that the best average accuracy is
obtained when d = 1.5 cm. In addition, the sensor has a
consistent average accuracy for conditions with and without
shield. In addition, the sensor has a consistent average
accuracy for conditions with and without shield compared
with reference permittivity as shown in Fig. 15 (a) and Fig.
15 (b). This finding also shows that the proposed sensor has
high performance and is not significantly affected by
disturbances placed directly above the sensor with range of
d=1cm-25cm.

IV. VALIDATION WITH PREVIOUS WORKS

A thorough evaluation comparing the proposed sensor's
performance with previous studies is conducted, as detailed
in Table Ill. A fair comparison with previous work is
proposed by observing the performance of the sensor in
terms of the method, permittivity range, resonance frequency
(fr), Frequency Detection Resolution (FDR), Normalized
Sensitivity (NS) and accuracy. In addition, other
performances that are compared are dual band

VOLUME XX, 2017

characteristics, e-field localization, disturbance effect
analysis and also high stability of the proposed sensor.

Previous work proposed a microwave sensor using a
dual-port resonator for permittivity detection of solid
materials based on SRR [8],[10],[32], IDC structure
[19],[20] and CSRR[13]. The sensor has good performance
with a maximum accuracy of 96% - 98% and a normalized
sensitivity of 1.34% - 5.38%. However, the proposed sensor
only supports transmission mode-based measurements and
requires a two-port network analyzer for characterization,
which can increase the complexity and cost of the
measurement setup.

Previous studies introduced a single-port resonator
incorporating a slot for permittivity detection of dielectric
samples, achieving an accuracy of 98.80% and a normalized
sensitivity of 5.24% [23]. However, the sensor's electric field
remains inadequately localized and focused on the sensing
area, potentially leading to measurement inaccuracies in the
presence of interference or disturbances. In addition, the
proposed sensor only operates at a single resonant frequency.
Moreover, a single-port microwave sensor with dual band
performance utilizing U-shaped [24] and T-shaped
resonators [26] was proposed in another study, featuring
independent characteristics for simultaneous detection of
solid material permittivity and long-distance sensing. The
electric field of the resonator was localized on its arm,
designated as the sensing area. However, the study did not
include an analysis of disturbance effects, leaving the
stability of the proposed sensor under disturbed conditions
unverified.

Previous work introduced a single-port microwave
sensor employing aperture coupling [25] and an artificial
magnetic conductor [21]. The electric field was localized on
a separate substrate, designated as the sensor's sensing area.
However, the proposed structure features a multilayer
design, making it more complex to implement. Furthermore,
the study did not include an analysis of disturbance effects,
leaving the sensor's stability under such conditions
unverified. This work provides an excellent solution to
produce a microwave sensor using a single-port resonator
that has high stability against disturbances. In this work, an
interdigital capacitor structure is introduced to confine the E-
field of the sensor to focus it on the sensing area of the
sensor. In addition, the interdigital capacitor structure also
reduces the H-field so that the E-field becomes more
dominant. The stability of the sensor is evaluated and
confirmed by placing a disturbance in the form of a
rectangular copper shield placed directly above the sensor.
The performance and stability of the sensor are observed in
conditions without and with copper shielding for a distance
range of d =1 cm - 2.5 cm. From the measurement results,
the sensor has high stability both without and with
disturbance with a Frequency Detection Resolution (FDR) of
0.009 - 0.4 GHz/Aer, a Normalized Sensitivity (NS) of 0.4%
- 4.4%, and an average accuracy of 90% - 95% for both
resonance frequencies, respectively.
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TABLE I
COMPARISON WITH PREVIOUS WORKS
Ref. Method Freq Range of Performance Num. Dual-band  Confined Disturbance High
(GHz) & Max. Max Max of port  performance E-field analysis stability
FDR NS. Acc. region effect performance
(GH2) (%)  (GH2)
[8] SRR 039 1-733 0102 1625 9820 1 - Yes - -
(o] SSRRWIth 52 1 440 0030 1340 9836 2 . Yes . .
spurlines
[13] CSRR 265 1-300 0150 5380 97.71 2 - Yes - -
[19] IDC 265 1-615 0373 4300 99.99 2 - Yes - -
[20] IDC 25'3759/ 1-105 0150 3.980 99.99 2 - Yes - -
Artificial
[21]  Magnetic 404  1-440 0070 1890 96.48 1 - Yes - -
Conductor
[23] g;‘t’é'h'oadw 250 1-1020 0072 5240 98.80 1 - - - -
Dual U- 1.20/
[24] shaped 510 1430 0007 1150 99.02 1 Yes Yes - -
Aperture 954/
[25] coupling 1230 1-1250 0078 0640 9230 1 Yes Yes - -
Dual T- 164/
[26]  shapedwith 7.0 1-615 0016 0003 9599 1 Yes Yes - -
IDC :
1.24/
[32] SRR s08 1-600 0050 4101 96.97 2 Yes Yes - -
. Asymmetric
\;VF::sk branch feed 12'6;2/ 1-6.15 0.110 4.330 95.98 1 Yes Yes Yes Yes
with IDC '
V. CONCLUSION
This paper has successfully designed and realized a high REFERENCES _ _ o
stability single port dual-band microwave sensor using ~ ] K. S. L. Parvathi and S. R. Gupta, “Ultrahigh-Sensitivity and
interdigital structure with asymmetry branch feedline for Compact =~ EBG-Based ~Microwave — Sensor for ' Liquid
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