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This paper proposes multifunctional of a dual-band independent permittivity sensor with an antenna for data
transfer capabilities. The proposed sensor consists of multicascode T-shaped resonators with single port oper-
ating at frequencies of f;; = 2.45 GHz, f;5 = 2.00 GHz and f;3 = 1.50 GHz, respectively. The 1st resonant fre-
quency was used as an antenna while the 2nd and 3rd resonant frequencies were used as sensors to determine the
permittivity of solid materials simultaneously. Based on the measurement results obtained an average accuracy

of 96.81% and 97.54%, while the normalized sensitivity of the proposed sensor was 0.66% and 1.77% with a
permittivity range of 1 — 6.15, respectively. Furthermore, the higher resonant frequency is used as an antenna to
transmit and receive data via wireless network. This research is beneficial to be applied in food, biomedical, and
pharmaceutical industries to support the industry 4.0 in which the integration between sensors and the internet

is required.

1. Introduction

The development of communication systems lately has been very
rapid to support industry 4.0. All devices that support a system can be
integrated using the internet of things [1]. One of the challenges is that a
device can be integrated with other devices that can be connected
wirelessly [2]. Sensors are devices that are used to detect changes in the
characteristics of certain materials in specific environmental conditions
[3]. One of the material characteristics that can be observed is permit-
tivity. Material characterization is needed to detect the characteristics of
materials that can be used for several applications such as the biomed-
ical industry [4,5], the food industry [6-8], and the pharmaceutical
industry [9,10]. Generally, the characterization of solid materials is
carried out by observing the permittivity at a certain frequency [11,12].
Permittivity relates to the ability of a material to store an electric field
under certain conditions [13]. Several approaches have been proposed
to determine the permittivity of solid materials, for example using

planar sensors [14,15], waveguides [1617] and combinations of active
electronic components [18,19]. Planar sensors have several advantages
including compact design [20], low cost, and high accuracy [21].
However, the sensor has a limited function that is to merely detect the
permittivity of the material under test (MUT). In the future, multifunc-
tional sensors are needed to be integrated with the internet-of-things and
wireless-based devices and another application [22,23]. Another limi-
tation, there is still a limited number of materials that can be charac-
terized simultaneously. The advantage of simultaneous characterization
is that there can be more than one detected material so that it can reduce
the time needed to detect a large number of materials.

Generally, the previously proposed permittivity sensor [24,25] used
a resonator with two ports so that it was not possible to function as an
antenna simultaneously. Several previous studies have provided simul-
taneous material characterization solutions to determine the permit-
tivity and thickness using microstrip line ring resonators [26],
interdigital capacitors [27], and microstrip SRR structures [28].
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Fig. 1. (a) Structure of proposed device, (b) resonant frequency of proposed device, (c) proposed device as an antenna (d) proposed device as permittivity sensors.

Furthermore, the detection of the permittivity of solid materials was also
proposed using LC resonators [29] and CSRR [30] using a dual resonant
frequency approach in a single sensor structure to differentiate the
permittivity of the material under test and the reference material [31].
However, the previously proposed permittivity sensor still used a reso-
nator with two ports so it was not possible to function as an antenna and
a sensor simultaneously. To produce a permittivity sensor that can also
function as an antenna, a single port resonator can be used as a solution.

Previous research presented in [32] proposed the antenna as a
permittivity sensor for solid materials operating at a resonant frequency
of 2.5 GHz. However, the research only produced a resonator that
worked at a single frequency and had one sensing hotspot, so it was not
possible to determine the permittivity of two different types of MUTs
simultaneously.

Another approach was carried out by [33] using a planar sensor
operating at two different resonant frequencies and different sensing
hotspots to detect the permittivity of solid materials independently.
However, the proposed sensor could not be used as an antenna due to the
poor performance of the radiation generated by the resonator. In addi-
tion, research conducted by [34] proposed a hybrid function of a dual-
band resonator with an antenna where the highest resonant frequency
was used as a sensor to detect the permittivity of solid materials and low
frequency was used as an antenna for local transmission data. However,
the previously proposed sensor only had one sensing hotspot location so
it could not be used to determine the permittivity of two types of MUTs
simultaneously. Furthermore, the sensor and antenna were coupled to
each other so that the structure was more complex and the fabrication
was complicated. Besides, the antenna and sensor were not independent
of each other. Therefore, to produce a sensor that can determine
permittivity simultaneously, it is necessary to have a sensor structure
that operates at several different resonant frequencies, has different
sensing hotspots, and has independent characteristics.

Based on literature review, typical application demanding wireless
readout systems would be for a simultaneous communication-and-
sensing unit for chip-less RFID sensor tags measuring temperature, hu-
midity, and other characteristics, and communicating with a reader, at

the same time [32]. Moreover, in [35] integrated microwave antenna/
sensor is proposed for sensing and communication applications. The
dual-functional ability of the proposed system is achieved by integrating
a two-port microwave sensor and a Wi-Fi antenna with a novel
frequency-selective multipath filter (FSMF). The FSMF ensures efficient
system operation by not affecting the operational bandwidth of the
communicating antenna in the presence of different sensed materials
under test (MUTSs) on top of the sensor. Furthermore, previous studied
presented by [36] proposed dual-functional communication and sensing
antenna system for real time detection of ice accretion in a wireless
communications system (e.g., remote GPS antennas, base stations,
radome of an aircraft, mobile communication systems, radio broad-
casting antennas, etc.). The fixed band communicating antenna of the
proposed dual-functional system is proposed for Wi-Fi application at
2.45 GHz, and the narrowband antenna sensor is used for ice/water
detection.

This paper provides specific solutions to address the limitations of
previous studies. The proposed sensor is multifunction device as an
antenna and permittivity sensor in a single port resonator. The sensor
consists of three T-shaped resonators operating at three different reso-
nant frequencies at 2.45 GHz, 2.00 GHz, and 1.50 GHz, respectively. The
proposed sensor has independent characteristics so that changes that
occur in one resonator will not affect the other. Overall, the novelties
and main contributions of the proposed sensor are, as follows:

1. The proposed sensor has multifunction dual-band permittivity sensor
and as an antenna in a single port resonator using multicasode T-
shaped.

2. The sensor operates at two different resonant frequencies and has
two different locations of sensing hotspots so that it can be used to
place MUTs simultaneously.

3. Furthermore, all the resonant frequencies are independent of each
other so that they do not affect each other when the MUT is loaded on
the resonator simultaneously.

4. The highest resonant frequency of the proposed structure is used as
an antenna that functions for data transfer capabilities using the
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WLAN at 2.45 GHz while the other low frequencies are used as
permittivity sensors.

This paper describes in detail starting from the working principle of
the T resonator, sensor model development, equivalent circuit, simula-
tion, and measurement of the proposed sensor. Furthermore, a mathe-
matical model using 2nd order polynomial is proposed to determine the
permittivity of the MUT. The average accuracy and normalized sensi-
tivity are described in this paper comprehensively to evaluate the per-
formance of the proposed sensor compared to the previously proposed
sensor. The radiation pattern of the antenna at a resonant frequency of
2.45 GHz is also described to see the performance of the proposed

resonator. Finally, multifunctional of dual-band permittivity sensors and
antenna using multicascode T-shaped resonators can be proposed for
application in the food, biomedical, and pharmaceutical industries to
support industry 4.0, which requires the integration between sensors
and the internet.

2. Working principle of proposed device

2.1. Working principle of a multifunctional microwave sensor with an
antenna

The proposed microwave sensor operates at three different resonant
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Table 1

Dimension of proposed multicascode T-shaped resonator.
Parameter Dimension Parameter Dimension
L, 15 mm Wiq 1 mm
Wiy 1 mm Wi 1 mm
L 6 mm Wy, 2 mm
Wyt 1 mm W 2 mm
W,o 1 mm L, 11.5 mm
Lig 15.5 mm Ly 18 mm
Ly 9.5 mm Lra 13 mm
Wiz 1 mm g 0.5 mm

frequencies. High frequency represented as f;; = 2.45 GHz is used as an
antenna while low frequency is represented by fi» = 2.00 GHz and f;3 =
1.50 GHz is used as a permittivity sensor as shown in Fig. 1 (a) and
Fig. 1. (b). The three resonant frequencies of the proposed device are
independent so that they do not affect each other when disturbed. The
permittivity sensor is used for the characterization of solid materials
simultaneously at two different sensing hotspots while the antenna is
used to transfer measurement data using a wireless network as shown in
Fig. 1(c) and Fig. 1(d). The performance of both functions of the pro-
posed device was observed by performing several measurements in the
laboratory using supporting equipment such as vector network analyzer
(VNA), access point, USB wireless and computer. The main contribution
of this paper is to produce a multifunctional microwave sensor as a
permittivity sensor and antenna that works for the characterization of
solid materials and data transfer capabilities. In addition, the permit-
tivity sensor has two different sensing hotspots so that it can be used to
determine the permittivity of two different types of MUT simulta-
neously. The working principle of the proposed device is shown in Fig. 1.

The microwave sensor utilizes the electric field to determine the
sensing hotspot of the sensor from the proposed device and its perfor-
mance is observed from correlation of resonant frequency with
permittivity of MUT obtained during the measurement process.
Furthermore, the proposed device functions as an antenna by utilizing
the concentration of the magnetic field from the resonator and its per-
formance is observed from the data rates in sending and receiving data
through a wireless network to send measurement data.

2.2. Working principle of T-shaped resonators

Generally, permittivity sensors utilize the capacitive characteristics
of the resonator as indicated by the concentration of the electric field.
The area of the resonator that has the highest electric field concentration
is called the sensing hotspot. The illustration of the electric field (E-field)
and magnetic field (H-field) of the microstrip line are shown in Fig. 2(a)
[37]. A resonator that has capacitive characteristics will store an electric
field so it can be used to determine the permittivity of the MUT. When
the MUT is placed on the resonator, the electric field will create a new

Measurement 217 (2023) 113078

frequency [38]. Furthermore, the magnetic field is around the conductor
of the microstrip line.

The T-shaped resonator is composed of a simple T-pattern, which
includes an open-ended transmission stub and feed lines as shown in
Fig. 2(b). The T-shaped resonator can be modeled with an equivalent
circuit using a combination of resistor, capacitor, and inductor as shown
in Fig. 2(c).

Fig. 2(b) shows the structure of a T-shaped resonator consisting of
microstrip lines represented by W; and L, and open-ended transmission
stubs represented by W, and L [39]. The equivalent circuit model in
Fig. 2 (c) shows that the microstrip line is represented by inductors and
capacitors L; and C; which function as impedance-matching circuits
between the resonator and port 1 while the open-ended transmission
stub is represented by a combination of resistors, inductors and capac-
itors Ry, L, and C, which are all connected to ground. The width of the
open-ended transmission stub of W, represents capacitive while the
length of L, represents inductive and the resistor R, represents tan & of
the substrate.

3. Sensors design
3.1. Structure of proposed resonator

The proposed sensor consists of three T-shaped resonators with a
multicascode configuration. Each resonator operates at a different
resonant frequency and is connected to port 1 using an SMA connector
with an impedance of 50 Q. The substrate used is FR-4 Epoxy with a
dielectric constant (&) of 4.3, a thickness (h) of 1.6 mm, and a tan & of
0.0265. The overall dimensions of the proposed sensor are shown in
Fig. 3(a) and Table 1. Fig. 3(c) shows that the 1st resonator consists of a
T-shaped resonator operating at f;; = 2.46 GHz while the 2nd and 3rd
resonators operate at f.o = 2.01 GHz and f;3 = 1.47 GHz, respectively.

Furthermore, the development equivalent circuit model of the pro-
posed resonator shown in Fig. 3(b) consists of a combination of resistor,
capacitor, and inductor. The 1st resonator represented operates at a
resonant frequency of 2.46 GHz by R; = 1.47 kQ, L; = 2.65nH and C; =
3.16 pF while C;; = 1.06 pF and L; = 1.705 nH are functioned as
impedance matching circuits for high frequencies. Furthermore, the 2nd
and 3rd resonators operated at resonant frequencies of 2.01 GHz and
1.47 GHz are represented by R3 = 0.64 kQ, C3 = 2.59 pF, L3 = 1.88 nH
and Ry = 0.21 kQ, Cy = 2.68 pF, Ly = 4.07 nH while Ci3 = 0.68 pF, Li3 =
2.62 nH, Cyp = 2.42 pF and Ly, = 4.4 nH functioned as impedance
matching circuits for low frequencies, respectively. Furthermore, Cg1 =
1.11 pF and Cy = 0.38 pF are added to show that the proposed resonator
is an open circuit where Cg; and Cg2 show a gap between the resonator
and ground plane. Fig. 3(c) shows that the simulation results of the FEM
simulation are in line with the proposed equivalent circuit model. The
proposed resonator between the FEM simulation and the equivalent
circuit model has identical characteristics with three different resonant

0 0
5 5 |
__-10 -10
[ 18! step ) o
2.5 .5 =
"3 73 "3
-20 -20
-25 =25 ( b )
-30 s L =30 L L L
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Fig. 4. (a) 1st step design of proposed resonator with single band (b) 2nd step design of proposed resonator with dual-band, (c) 3rd step design of proposed resonator

with triple-band.
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frequencies. Based on theory, the resonant frequency of the resonator is
determined from the values of L, and C,, while R, is used to control the
value of the reflection coefficient. The frequency of each resonator will
be greatly influenced by the Cyyr as follow [15]:

1
B 27/ Ly(Cy + Cuur)

Table 1 shows the overall dimensions of the resonators where the
dimensions of the ground plane are Wy = 50 mm and L; = 50 mm. The
sensor is connected directly to a connector with an impedance of 50 Q
via a microstrip line with a width of W, = 3 mm.

Jo @

3.2. Development model of proposed resonator

The proposed sensor consists of three T-shaped resonators connected
via microstrip lines and a connector with an impedance of 50 Q. The
development model of the resonator is shown in Fig. 4(a), Fig. 4(b), and

Fig. 4(c). The 1st step model shows a T-shaped resonator design which
was connected directly to the microstrip line and connector with an
impedance of 50 O that operates at only one resonant frequency of 2.46
GHz. In the 2nd step model, a resonator which has an identical shape to
the 1st resonator was added to produce a new resonant frequency of
2.01 GHz. Finally, in the 3rd step model, the last resonator was added
which functions to produce a new resonant frequency of 1.47 GHz.
Furthermore, to observe the performance of the proposed resonator,
radiation patterns of the three resonant frequencies were simulated
using HFSS 15.0 as shown in Fig. 5(a), Fig. 5(b), and Fig. 5(c) where the
E-plane was indicated in blue marker and H- plane with a red marker.
The simulation results showed that the resonator radiated electro-
magnetic waves at all three resonant frequencies as shown in Fig. 5.
However, maximum electromagnetic wave radiation was only generated
from the 1st resonator which operated at a resonant frequency of f;; =
2.46 GHz with maximum radiation is 12.09 dB while that for f.o = 2.02
GHz and f;3 = 1.47 GHz is —3.81 dB and —7.83 dB, respectively. This
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shows that the 1st resonator could be used as an antenna according to
the performance of the radiation pattern obtained from the simulation
results while the 2nd resonator and 3rd resonators could be used as
permittivity sensors.

3.3. Placement scenario of MUT

Surface current distribution refers to the flow of electrical current
that occurs on the surface of a conductive material. In the context of
microwave sensors, the surface current distribution at resonant bands
refers to the distribution of current that occurs on the surface of the
sensor at the frequencies at which the sensor resonates. At the resonant
frequency, the electromagnetic field produced by the sensor becomes
highly concentrated, which causes an accumulation of charge on the
surface of the sensor. This accumulation of charge results in a flow of
electrical current along the surface of the sensor, which can be visual-
ized as a distribution of current density.

In this paper, the placement location of the MUT depends on the
concentration of the E-field of the resonator. Generally, the sensing
hotspot is determined from the highest E-field of the resonator structure.
Furthermore, the concentration of the H-field showed the characteristics
of the resonator as an antenna. To determine the maximum E-field and
H-field, a simulation process was carried out on the three resonant fre-
quencies of the proposed resonator using HFSS 15.0 as shown in Fig. 6
(a), Fig. 6(b), Fig. 6(c), Fig. 6(d), Fig. 6(e), and Fig. 6(f).

Fig. 6(a) and Fig. 6(d) show the maximum E-field and H-field at f.5 =
2.46 GHz at the same location on the arm of the 1st resonator. This
showed that the 1st resonator can be used as an antenna because it has
the E-field and H-Field concentrated in the same location. Furthermore,
Fig. 5 (b) and Fig. 5 (e) show that the location of the maximum E-field at
fro = 2.01 GHz is in the open-ended stub of the 2nd resonator while the

maximum H-field is in the arms of the 1st and 2nd resonators. On the
other hand, the location of the maximum E-field at f;3 = 1.47 GHz is on
the arm and the open-ended stub of the 3rd resonator while the
maximum H-field is on the arm of the 1st resonator and 2nd resonator as
shown in Fig. 6 (¢) and Fig. 6 (f).

Based on the simulation process and observations of the E-field and
H-field concentrations of the proposed resonator, the location of the
MUT is shown in Fig. 7 (a).

Fig. 7 (a) shows that the placement location of the MUT was in the
open-ended stub of the 2nd and 3rd resonators while the 1st resonator
was used as an antenna that functions to radiate electromagnetic waves.
The MUT used is represented by Wyyt, Lmur and h with the overall
dimensions were (10 x 10 x 1.6) mm° and were placed on the surface of
the open-ended stubs of the 2nd and 3rd resonators as shown in Fig. 7

(b).
4. Simulation and measurement of proposed sensors
4.1. Simulation of proposed resonator using known permittivity of MUT

To determine the permittivity of the MUT, a simulation process was
carried out by placing the MUT on the surface of the 2nd and 3rd res-
onators. The simulation used two following scenarios:

(1) The MUT was placed on the surface of the 2nd resonator while the
3rd resonator was empty (vacuum).

(2) The MUT was placed on the surface of the 3rd resonator while the
2nd resonator was empty (vacuum).

The simulation results are shown in Fig. 8 (a) and Fig. 8 (b). The
permittivity range used in the simulation process was ¢ = 1-10 with tan
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Fig. 8 (a) shows that in scenario (1) the resonant frequency of the 1st
and 3rd resonators were fixed while the resonant frequency of the 2nd
resonator shifted to a low frequency in line with the change in permit-
tivity of the MUT. Furthermore, Fig. 8. (b) shows that in scenario (2), the
frequency of the 1st and 2nd resonators was fixed while the frequency of
the 3rd resonator shifted to a lower frequency in line with the change in
permittivity of the MUT.

The effect of the change in permittivity of the MUT on the resonant
frequencies of the 2nd and 3rd resonators during scenarios 1 and 2 is
shown in Fig. 9(a) while the frequency shift is shown in Fig. 9(b).

Furthermore, Fig. 9(a) shows that the resonant frequency of the 2nd
resonator shifted from 1.95 GHz to 1.81 GHz while the frequency of the
3rd resonator shifts from 1.45 GHz to 1.33 GHz in line with the changes
in the permittivity of the MUT from the range 1-10. Furthermore, the
maximum frequency shift (Af,) of the 2nd resonator and 3rd resonator
was 0.12 GHz and 0.14 GHz as shown in Fig. 9(b). The simulation results
from scenarios (1) and (2) showed that the proposed 2nd and 3rd res-
onators had independent characteristics where the permittivity change
only occurred when the resonator was loaded MUT at the location of the
sensing hotspot as shown in Fig. 10(a) and Fig. 10(b).

In addition, the proposed sensor generated different sensing hotspot



S. Alam et al.

_~ Resonator

Flash Drive

VNA

S, (dB)

Measurement 217 (2023) 113078

————— Measurement
Simulation
1 1.5 2 2.5 3
Frequency (GHz)

Fig. 12. (a) Measurement setup of proposed resonator, (b) simulation vs measurement result of proposed resonator.

———RO05880, Vacuum /Fixed

I RO5830,RO5880
—— RO5880, RO4003
— RO5880, FR4 (d )
— ROS5880, RO3006
1.5 2 25 3

Frequency (GHz)

!
1
1
1

Vacuum, RO5880 | /Fixed

L RO5880,RO5880
(e)

—— RO4003,RO5880
1 1.5 2 2.5 3

—— FR4,RO5880
Frequency (GHz)

—— RO3006, RO5880

Fig. 13. (a) Measurement setup of simultaneous MUT loaded in 2nd resonator and 3rd resonator, (b) measurement result of proposed resonator during scenario 1, (c)

measurement result of proposed resonator during scenario 2.

locations for the 2nd and 3rd resonators and independent characteristics
of reflection coefficient when tan & changed from 0 to 0.01 as shown in
Fig. 11 (a) and Fig. 11 (b).

Fig. 11 (a) shows that the reflection coefficient of f;, shifts was in line
with the change in tan & from —15.77 dB to —14.56 dB while f;; and f;3
were fixed at —36.90 dB and —7.98 dB. Similarly, the reflection coeffi-
cient of f;3 shifted from —9.71 dB to —10.50 dB while f;; and f;» were
fixed at —37.70 dB and 16.43 dB as shown in Fig. 11(b). This proves that
the proposed sensor had independent characteristics based on scenarios
(1) and (2). Therefore, the sensor can be used to detect the permittivity
of two types of MUTs simultaneously.

4.2. Measurement process

The measurement process was carried out using a Vector Network
Analyzer (VNA) which is connected directly to the proposed sensor using
an SMA connector via port 1 with an impedance of 50 Q as shown in
Fig. 12(a). The frequency range used is 1.00-3.00 GHz with a sweep
frequency of 0.01 GHz and an ambient temperature of 25° C. The
measurement data was stored using a USB device connected to a VNA
and were processed using a personal computer (PC). The comparison of
the resonant frequency and reflection coefficients of the proposed
resonator from the simulation and measurement process is shown in
Fig. 12(b). However, there was still a slight difference between
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Table 2
Characteristics and types of MUT.
Type of MUT Parameter
Permittivity (g,) Thickness (h) tan &

Vacuum 1 - 0

RO5880 2.2 1.6 mm 0.0009

RO4003 3.55 1.6 mm 0.0027

FR4 4.3 1.6 mm 0.0265

RO3006 6.15 1.6 mm 0.0025
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simulation and measurement where f;q shifted from 2.46 GHz to 2.45
GHz, f; from 2.01 GHz to 2 GHz, and f;3 from 1.47 GHz to 1.5 GHz. This
was due to the variation of permittivity in the substrate, i.e., range of &,
was 4.25 — 4.35 and also the error during the fabrication process.
Overall, the errors in the measurement and simulation processes were
0.41%, 0.50% and 2.04%, respectively.

Furthermore, to observe the performance of the proposed sensor, the
measurement process was carried out by placing the MUT simulta-
neously in each sensing hotspot. The MUT placed on the 2nd resonator
was represented as MUT A while MUT B is placed on the 3rd resonator as
shown in Fig. 13(a) and Fig. 13(b). The characteristics and types of
MUTs used in the measurement process are shown in Table 2.

= 3 2.06 __
N N
P T
g fﬁ"—r‘-\ g
>‘2.51;___+___|:.’.:_+ _____ _1.2.02 =
Q b L o
5 | “a 5
= I o5 fr | S
g 2 m,;,-rr- 1.98 g
(' 9 ‘\_al.l ™
G154 - -} - - i o e 4194 §
5 = ~4 B
f b
g |(b) * g
x 1 . : . 19
1 2 3 4 5 6
Permittivity

Fig. 14. (a) Correlation of fq, f;» and f;3 at scenario 1, (b) correlation of f;4, f;» and f;3 at scenario 2.
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Fig. 15. (a) Radiation pattern of proposed resonator; (a) E-plane at f;; = 2.45 during scenario 1 (b) H-plane of proposed resonator at f;; = 2.45 GHz during scenario
1, (c) E-plane of proposed resonator at f; = 2.45 GHz during scenario 1, (d) H-plane of proposed resonator at f;; = 2.45 GHz during scenario 1.



S. Alam et al.

Fig. 16.
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(a) The radiation pattern of the antenna at f;; = 2.45 GHz, (b) the measurement setup of the radiation pattern in the anechoic chamber.
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Fig. 18. (a) Accuracy of 2nd resonator compared with reference permittivity, (b) accuracy of 3rd resonator compared with reference permittivity.

The measurement process scenario used to observe the performance

of the proposed sensor is as follows:

(1) MUT A placed on the 2nd resonator was fixed (RO5880) while

MUT B was changed randomly.

(2) MUT B placed on the 3rd resonator was fixed (RO5880) while

MUT A was changed randomly.

The dimensions of the MUT used are shown in Fig. 13 (c) which are

10 x 10 x 1.6 mm?®. Furthermore, Fig. 13(d) shows that in scenario (1),
f;3 shifted to a low frequency in line with the change in permittivity of

10
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Table 3
Comparison of the value of the permittivity between the measurement process and the datasheet.
MUT Parameter
Ref. Permittivity Meas. Permittivity Error (%) Accuracy (%)
€r1 €r2 €r1 €r2 €r1 €r2
Vacuum 1.00 0.92 1.02 8.00 1.73 92.00 98.27
RO5880 2.20 2.24 2.23 1.89 1.44 98.11 98.56
RO4003 3.65 3.37 3.38 5.09 4.80 94.91 95.20
FR4 4.30 4.30 4.46 0.06 3.73 99.94 96.27
RO3006 6.15 6.09 6.11 0.90 0.58 99.10 99.42
7 7
8 M1 =M1
6 * M2 6™ * M2
AM3 A M3
27| 2 2° .
24} 24k
s > £ &
Est E 3
[
e | & a,| #
1t [ ] 1F |
(a) (b)
u L L i L 0 A A
1.9 192 194 196 1.98 2 1.4 1.45 1.5 1.55
Frequency (GHz) Frequency (GHz)
Fig. 19. Measurement of S;; and Sp; from proposed resonator.
the MUT while f;; and f; were fixed. Similarly, the reflection co- 0
efficients of f;; and f,» were also fixed because the MUT placed on the 3rd ) R = |
resonator is fixed (RO5880). Meanwhile, in (2), fio shifted to a low -0 F
frequency in line with the change in permittivity of the MUT, while f;; m
and f;3 were fixed in line with the reflection coefficient as shown in =) 20 }
Fig. 13 (e). The correlation between each resonant frequency of the &
resonator to the change in the permittivity of the MUT is shown in k) 30 b
Fig. 14(a) and Fig. 14(b). = = |
Fig. 13(a) shows that f;3 shifted to a lower frequency from 1.5 GHz to E -40 } g
1.41 GHz while f;5 and f;; were fixed at 2 GHz and 2.45 GHz in scenario o & F . e
(1). Furthermore, Fig. 13(b) shows that f;5 shifted to a lower frequency w 50 "\\HJ' e 31 1
from 2 GHz to 1.92 GHz while f;; and f;3 were fixed at 2.45 GHz and 1.5 X S
GHz in scenario (2). This proves that the proposed sensor had inde- -60 i A —_— 21
pendent characteristics and was not affected when the MUT was loaded 1 15 2 2.5 3

simultaneously.

Furthermore, to observe the performance of the 1st resonator which
functions as an antenna, the radiation pattern when the MUT was placed
simultaneously in both sensing hotspots according to scenarios (1) and
(2) are shown in Fig. 15 (a), Fig. 15 (b), Fig. 15 (¢), and Fig. 15(d). The
radiation pattern from the antenna during scenario 1 was fixed as shown
in Fig. 15(a) and Fig. 15 (b), while Fig. 15 (c) and Fig. 15 (d) show that
the radiation pattern from the antenna changed slightly in scenario (2).
However, the characteristics of the radiation pattern obtained from
scenario 1 and scenario (2) were still identical to each other and there
was no significant change when the MUT was placed simultaneously in

the sensing hotspot of the proposed sensor.

The comparison of the radiation pattern from the simulation results

Table 4

The value of S;; and Sy of proposed resonator.
Resonator Resonance Frequency S11 (dB) S2; (dB)
Ist 2.45 GHz —14.68 —26.73
2nd 2.00 GHz —15.31 —40.65
3rd 1.50 GHz -3.69 —52.87

11

Frequency (GHz)

Fig. 20. Possibility scenario of permittivity detection and data transfer using
proposed device.

and the measurement process at f,; = 2.45 GHz is shown in Fig. 16(a)
while Fig. 16 (b) shows the measurement setup of the radiation pattern
in the anechoic chamber. Furthermore, Fig. 16(a) shows shows that
there is good agreement between the radiation patterns from the mea-
surement and simulation results. The measurement process was carried
out in the anechoic chamber where the Device Under Test (DUT) was
positioned as a receiver (Rx) while the reference antenna was positioned
as a transmitter (Tx) which was separated by a distance of d = 60 cm as
shown in Fig. 16(b). The proposed resonator produced a directional
radiation pattern with a maximum radiation of 13 dB at a resonant
frequency of 2.45 GHz.
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Fig. 21. Measurement setup from the proposed device for data transfer; (a) illustration of the configuration and measurement process, (b) real measurement
configuration.
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Fig. 22. Data transfer performance from the proposed device; (a) transfer data rates, (b) receive data rates.

5. Discussion

NS = L (funlaaded _ﬁaaded) % (3)

5.1. Normalized sensitivity analysis Ag, Suntoaded

Based on Eq. (3), the normalized sensitivity (NS) of the proposed
The MUT placed in the sensing hotspot area perturbated the E-field. sensor was 0.68% and 1.77% with a permittivity range of 1-6.15.
The interaction of the MUT to the resonator can be assumed as a
capacitive load that causes the resonant frequency to shift. The ratio
between the frequency shift and the change in the permittivity of the
MUT was expressed as sensitivity. The sensitivity of the sensor was
calculated using Eq. (2) [38]:

_ ﬁ _ (funloaded— Ioaded)

5.2. Average accuracy analysis

The permittivity of the MUT was determined using a 2nd-order
polynomial equation that expressed the relationship between the
permittivity and the resonant frequency of the proposed sensor when the

T Ae, € (MUT)— Er(Reference) @ MUT was placed on the sensing hotspot as shown in Fig. 17(a) and

Fig. 17(b). Furthermore, the accuracy of the sensor was obtained by

Where S is the sensitivity of the sensor, Af; is the difference between the comparing the calculated permittivity using a 2nd order polynomial
loaded and unloaded resonant frequency. The sensitivities of the 2nd with the reference permittivity from the datasheet.

and 3rd resonators are shown in Fig. 17(a) and Fig. 17(b). The maximum Based on Fig. 18 (a) and Fig. 18 (b), the permittivity of the MUT was

sensitivities of the 2nd resonator and 3rd resonator were 13.59 MHz/Ae, determined using the 2nd order polynomial which is expressed as

and 27.27 MHz/A¢,, and the average sensitivities were 9.71 MHz/Ae, follows:
and 25.75 MHz/Ag;.

Furthermore, the difference between the permittivity of the MUT and
the reference is expressed as Ae,. Generally, the reference permittivity
used is a vacuum with ¢ = 1 as described in [32]. The normalized
sensitivity (NS) can also be calculated by Eq. (3) [25]: The overall comparison of the permittivity between the measure-

ment process and the datasheet is shown in Table 3.

£ = —970.87f,% +3741.6f,, — 3598.8 4

€0 = —37.021f4 +72.342f,; —22.729 5)
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Table 5
Comparison with sensors from previous studies.
Ref. Model
Parameter
Range MUT  Frequency (GHz) Average of Accuracy NS (%) Hybrid Req. Req. Coupling Layer Sensing Independent Simultaneous
of & (%) with Cavity  vias hotspot performance measurement
fi fo G fa fo fa fa fa fy et
[24] CSRR 1-11.9 Solid 5.35 7.99 - 94.24 97.76 - 3.40 3.53 - - - - Direct- 1 1 - -
resonator feed
[25] Interdigital 1-10.5 Solid 2.51 — - 99.40 - - 3.98 — - - - - Direct- 1 1 - -
capasitors feed
[26] Microstrip 1-3.48 Solid 4.89 9.81 - 92,50 - - 13.00 26.00 - - - - Direct- 1 1 - -
line ring feed
resonator
[27] Interdigital 1-10.2 Solid 1.50 - - 95.30 - - 4.40 - - - - - Direct- 1 1 - -
capasitors feed
[28] CSRR 1-10.2 Solid 2.4 - - 97.79 - - NA - - - - - Direct- 1 1 - -
feed
[29] LC resonators 1-10.2 Solid 2.00 - - 99.90 - - 3.28 - - - - - Direct- 1 2 - -
feed
[30] SRR 1-3 Solid 2.65 - - 97.71 - 5.38 - - - - - Direct- 1 1 - -
feed
[31] Couple line 1-10.2 Solid 1.50 — - 97.50 - - NA — - — - - Direct- 1 1 - -
section feed
[32] Slot loaded 1-10.2 Solid 250 - - 98.62 - - 5.65 - - - - - Direct- 1 1 - -
feed
[33] U-shaped 1-4.3 Solid 1.20 2.10 - 99.02 96.44 - 0.76 1.15 - — - - Direct- 1 2 yes -
resonator feed
[34] Apperture 1-12.85 Solid 9.54 12.30 - - 9230 - - 0.64 - yes yes yes Magnetic 3 1 - -
coupling
antenna
This Multicascode 1-6.15 Solid 2.45 2.00 1.50 - 96.81 97.54 - 0.68 1.77  yes - - Direct- 1 2 yes yes
paper  T-shaped feed
resonator

*) Req.: Required.

NS: Normalized Sensitivity.

v 3 woly 'S

840€I1 (£202) LIT Huawansvap



S. Alam et al.

Table 3 shows that the proposed sensor has a high accuracy in
determining the permittivity of the MUT compared to the permittivity of
the datasheet. The average accuracy of the proposed sensor is 96.81%
and 97.54% with a permittivity range of 1-6.15.

5.3. Data transfer capability

Furthermore, to demonstrate the performance of the antenna when
transmitting data, measurements of S1; and Sy are proposed as shown in
Fig. 19.

Fig. 19 shows S;; and Sp; of the proposed resonator when func-
tioning as an antenna (Ant) having the same resonant frequency at f;; =
2.45 GHz. Based on the measurement results, the magnitude of the
mutual coupling (S21) of the resonator increases when the resonator
functions as an antenna (Ant) at f,; = 2.45 GHz while at f,, = 2.00 GHz
and fr3 = 1.50 GHz as microwave sensor (MS) it has a lower magnitude.
This shows that the resonator has functioned as an antenna at f;; = 2.45
GHz while f;5 = 2 GHz and f;3 = 1.50 GHz can be used as permittivity
sensors. Table 4 shows the value of S1; and So; of proposed resonator for
fi1, fio and fi3, respectively.

Moreover, to demonstrate how the permittivity data was retrieved
from the wirelessly transmitted data we proposed possibility scenario of
measurement process of proposed resonator as shown in Fig. 20.

Fig. 20 shows the possibility scenario of the permittivity detection
process from MUT and data transfer using the proposed device. The
permittivity of the MUT is detected using proposed device as microwave
sensor connected to the VNA, the measurement data is stored on a PC2
which is also connected to the VNA using a UTP cable. Furthermore, to
change the function of the proposed device as an antenna, a switch is
proposed as a selector. Data from the measurement process is sent using
the proposed device as an antenna connected to USB Wi-Fi operating at a
resonant frequency of 2.45 GHz to a PC server connected to the access
point. Furthermore, data transfer capability is monitored on PC1 as a
server using an access point. In this paper, sensors and antennas work
independently for permittivity detection and data transfer. Therefore,
real-time permittivity detection using the proposed device simulta-
neously as sensor and antenna will be discussed as a future work.
Furthermore, to observe the performance of the proposed microwave
sensor as an antenna, the measurement process is performed as shown in
Fig. 22 (a) and Fig. 22 (b).

Fig. 21(a) shows the configuration of the measurement process
where the proposed device is connected to PC2 (client) using USB WLAN
while the server located on PC1 is directly connected to an access point
operating at a resonance frequency of 2.45 GHz, respectively. Further-
more, PC1 is configured as a gateway with IP address 192.168.0.1 while
PC2 as a client with IP address 192.168.0.100. The distance from the
server and client is represented by d = 60 cm where the client’s antenna
is placed in the holder and connected directly to the USB WLAN using a
coaxial cable with an impedance of 50 Ohm. In addition, PC1 as a server
is connected to the access point using a UTP cable as shown in Fig. 21
(b).

The performance of the proposed device is observed with the
throughput monitor available on the TP Link - WR840N access point. In
this experiment, the server will send measurement data to the client and
vice versa via a wireless network with a file size of 150 MB. In other
words, the proposed device functions as a sender and receiver of data
transfer. The measurement results from the proposed device are shown
in Fig. 22 (a) and Fig. 22 (b).

Fig. 22 (a) shows the maximum transfer data rates from the proposed
device was 43.01 Mbps while maximum receive data rates was 41.32
Mbps as shown in Fig. 22 (b), respectively. Furthermore, the average for
transfer and reception data rates was 13.32 Mbps and 26.22 Mbps. These
results indicate that the proposed device has functioned as an antenna to
send and receive data using a wireless network with good performance.
The speed of transfer and reception data rates is greatly influenced by
the quality of the signal and the size of the data packet being sent. This
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finding proves that the proposed microwave sensor can function as an
antenna for data transfer capabilities.

5.4. Comparison with previous studied

To demonstrate the novelty and contribution of the proposed sensor,
a comparison with the previously described sensors is comprehensively
shown in Table 5.

Based on the comparison with previous studies, the novelty and main
contribution of this research was shown by its multifunctionality as a
permittivity sensor and an antenna for data transfer capabilities. In
addition, the sensor had independent characteristics with two different
sensing hotspots. Therefore, it can be used to detect the permittivity of
two different types of MUT simultaneously. The proposed sensor had
high accuracy with a compact and simple structure using a single layer
thus allowing a simple measurement and easy integration with other
devices.

6. Conclusion

In this paper, multifunctional dual-band microwave sensors and
antenna using multicascode T-shaped resonators for simultaneous
measurement of solid materials and data transfer capabilities success-
fully designed and implemented. The 1st resonator operating at f;; =
2.45 GHz was used as an antenna while the 2nd and 3rd resonators
operating at f;o = 2 GHz and f;3 = 1.5 GHz were used as a permittivity
sensor. The proposed sensor had independent characteristics with two
different sensing hotspots so that it can be used to determine the
permittivity of two different types of MUTs simultaneously. From the
measurement results, the average accuracy of the proposed sensor was
96.81% and 97.54% while the normalized sensitivity (NS) was 0.68 %
and 1.77% with a permittivity range of 1-6.15. Furthermore, the per-
formance of the antenna did not change significantly when the MUT was
placed simultaneously on both sensing hotspots. In addition, the pro-
posed microwave sensor can also function as an antenna for data
transfer capabilities with a average transfer and reception data rates of
13.32 Mbps and 26.22 Mbps with file size of 150 MB. The proposed
sensor can be recommended as a multifunctional sensor that can be
integrated with other devices via wireless for the food industry,
biomedical industry, and pharmaceutical industry.
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