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Optical micrographs to show (a) chip fabricated by the CMOS processes from the TSMC, (b) DRIE regions defined
by the maskless photolithography (observed by the infrared optical microscope), (c) sensing chip
after DRIE and metal wet-etching, and (d) zoomed-in view of the proposed pressure
sensor array (vol. 22, no. 24, see page 23728).
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Abstract—This article proposes the integration of
microwave sensors (MSs) and antenna sensors (ASs) for
contact and noncontact characterization of solid materials.
Integration between MS and AS was determined based
on the reflection coefficient (S11), where Si; of >—10 dB
was proposed as MS and S;; of <—10 dB was proposed
as AS. The proposed sensor consists of a dual T-shaped
resonator with single port operating at a resonant frequency
of fry = 1.81 GHz for MS and f,» = 2.34 GHz for AS using
FR-4 substrate with ¢, of 4.3, tand of 0.0265, and thickness
of 1.6 mm. Furthermore, the two resonant frequencies had
independent characteristics with different sensing hot spots.
MS is proposed for permittivity detection of the material
under test (MUT) for contact detection while non-contact
detection is proposed by utilizing AS. The procedure for
contact detection was carried out by placing the MUT on
the surface of the sensor, while noncontact detection was
carried out by placing the MUT with an air gap between the

15 2 25 3
Fraquency (GHz)

Non-contact detection using AS

MUT (d) and the AS was 0.5-1.5 mm. The measurement results showed that the average accuracy was 99.30% and
99.31% for the MS and AS for the permittivity range of 1-6.15, while the normalized sensitivities (NSs) of the proposed
sensors were 1.15% and 0.16%, respectively. The results of this research are novel and can be recommended for several
purposes related to biomedical and pharmaceutical industries requiring contact and noncontact detection of material

characterization.

Index Terms— Antenna sensor (AS), contact detection, integrated, microwave sensor (MS), noncontact detection, solid

material.

[. INTRODUCTION

HE characterization of dielectric properties plays an
T important role in extracting the composition of materials
for several applications, such as the biomedical industry [1],
material science [2], and quality control [3]. Microwave sensor
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(MS) is recommended for material characterization because
they have advantages, such as low cost, high accuracy, and
applicable for noninvasive measurements [4]. Previous studies
investigated the application of MS for the characterization of
solid materials [5], [6], liquids [7], [8], and temperature [9],
[10]. Generally, MS is used to detect permittivity [11], [12]
by placing the material under test (MUT) on the surface of
the sensing hot spot of the sensor. Several previous studies
have proposed MS to characterize solid and liquid materials
using complementary split ring resonator (CSRR) [13], [14],
split ring resonator (SRR) [15], [16], planar inductor—capacitor
(LC) resonators [17], interdigital capacitor (IDC) [18], [19],
microstrip line ring resonator [20], and substrate integrated
waveguide (SIW) [21], [22]. However, the structure of the
previous sensors still uses a two-port configuration, so it has
disadvantages such as being wasteful of resources and cannot
be connected directly to wireless devices.

1558-1748 © 2023 |IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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Furthermore, a single port configuration MS has also been
proposed to detect the permittivity of solid materials using
a U-shaped resonator [23], slot-loaded microstrip [24], and
aperture coupling [25]. The advantages of MS with a single
port are having independent characteristics, a simpler structure,
more economical resources, and having a hybrid function as
an antenna, so that it can be used to transmit data using a
wireless network. Generally, material characterization using
MS is carried out by placing the MUT in direct contact,
so that it can reduce the performance of the sensor. This
caused the surface of the sensor to potentially be damaged
due to oxidation and corrosion. To overcome this limitation,
noncontact detection is proposed as a solution to make the
sensor more durable, accurate, and sterile.

Noncontact detection using MS by utilizing the electric (E-)
and magnetic (H)-fields from the resonator has been proposed
to characterize several materials [26], [27], [28]. Previous
research conducted by Yang et al. [29] proposed noncontact
detection for complex permittivity and thickness of solid
materials using a single-compounded triple complementary
resonator SRR with a maximum gap of 0.2 mm. Furthermore,
the research proposed by Ali et al. [30] described noncontact
detection for permittivity and thickness detection of MUT
for solid materials using an IDC resonator with a gap of
0.3 mm. However, the gap between the MUT and the sensor
was still limited and reduced the performance and sensitivity
of the sensor. Another study by Wu and Wang [31] proposed
noncontact detection with an antenna based on an artificial
magnetic conductor (AMC) array for permittivity detection of
water and ethanol in oil. Furthermore, the research presented
by [33] proposed a microwave active antenna sensor (AS) for
sensing liquid properties. However, the measurement process
required the antenna interrogator to detect the permittivity of
the MUT.

Based on the previous research i [23], [24], [25], it can
be concluded that contact detection has several advantages,
such as high accuracy and high sensitivity, but the limitation
is that the surface of the sensor has the potential to be damaged
due to oxidation and corrosion. On the other hand, noncontact
detection based on [29], [30], [31], and [32] had the advantage
that the sensor is more durable, and the surface of the sensor is
more sterile. However, the limitations of noncontact detection
are that the performance and sensitivity are greatly affected by
the distance between the sensor and the material. Therefore,
the combination of the MS and AS is an excellent solution
for material characterization both in contact and noncontact
detection to maintain the performance of the sensor.

This article has the advantage of integrating contact and
noncontact detection for the characterization of solid materials
based on MS and AS. The sensors are proposed using dual
T-shaped resonators with a single port that operate at two
different resonant frequencies at f,; = 1.81 GHz and f» =
2.35 GHz for MS and AS, respectively. Furthermore, the
proposed sensor has independent characteristics and different
sensing hot spot locations for contact and noncontact detection,
so that the characterization of the MUT can be carried out
separately, where the low frequency (f,;) is used as MS for
noncontact detection, while high frequency (f,2) is used as
AS. The proposed sensor has been successfully simulated,

Antenna sensor

—_— Microwave sensor i .
@[] @5

Holder
)

.~ ¥Gap (d)

MUTA

Groundplane / /

:] FR4 |:| Copper D Brass D MUT D Air

Frequency (GHz)

Fig. 1. (a) Structure of the proposed resonator. (b) Resonant frequency
of the proposed resonator. (c) Scenario of contact and noncontact
detection using MS and AS.

modeled using electromagnetic simulation, and validated by
the measurement process. The range of permittivity detected
is 1-6.15 for MS and AS, respectively. Furthermore, the sen-
sitivity of the AS with noncontact detection can be evaluated
based on the air gap (d) of 0.5-1.5 mm.

[I. WORKING PRINCIPLE OF THE PROPOSED SENSORS

A. Scenario of Contact and Noncontact Detection
Using MS and AS

The proposed sensor consists of dual T-shaped resonators
with a single port operating at two resonance frequencies, the
first resonator is f.; = 1.81 GHz and the second resonator is
fra = 2.35 GHz, as shown in Fig. 1(a). The low frequency
is proposed as MS, while the high frequency is proposed as
AS, as shown in Fig. 1(b). The proposed resonator has inde-
pendent characteristics with different sensing hot spots, so that
contact and noncontact detection can be carried out separately.
Furthermore, the measurement process was carried out using
a vector network analyzer (VNA), where the proposed sensor
was connected using a coaxial cable with an impedance of
50 Q.

MS and AS were determined based on the frequency shift
on the reflection coefficient (S;1), where S1; of >—10 dB was
proposed as MS and S;; of <—10 dB was proposed as AS. The
sensing hot spot was determined based on the concentration of
the E- and H-fields of each resonator. Furthermore, the surface
of the resonator which had a high concentration of E-field and
a low concentration of H-field was used as an MS for contact
detection. On the other hand, noncontact detection utilized
the surface of the resonator, which has the same location as
E- and H-fields. Generally, resonators that function as anten-
nas transmit electromagnetic waves, where the E- and H-fields
were in the same location; therefore, it can be utilized for AS.
The permittivity of the MUT was observed based on the shift
in the resonant frequency of the resonator when the MUT was
placed at each sensing hot spot. Fig. 1(c) shows a scenario of
a contact and noncontact detection using MS and AS, where
the permittivity of the MUT was &, MUT, the air gap was &,
gap (vacuum = 1), and the substrate of the resonator was &,
sub.

Furthermore, for contact detection, the MUT was positioned
directly without an air gap on the top surface of the first

Authorized licensed use limited to: Universiti Teknikal Malaysia Melaka-UTEM. Downloaded on June 15,2023 at 02:35:01 UTC from IEEE Xplore. Restrictions apply.
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- w, _
TABLE | « > w,
DIMENSIONS OF DUAL T-SHAPED RESONATOR () = t (b) . -
- 1% resonator g L
Parameter Value Parameter  Value W, ",
N L
/8 3 mm w, 2 mm L, o [k 24 resomator o
L. 15 mm W, 1 mm w, I‘.‘T’i el 77”1 w, L Y.
L, 16 mm L, 18 mm I ﬁ? e ]—] FR4
L, 3 mm /8 1 mm : > I:l .
L, 15 mm L 8 mm Wx‘/ (L Microstrip line e
L 16 mm W, 50 mm 45{ I_ Brass
A 13 mm L, 50 mm Al v - o
resonator as MS. Moreover, noncontact detection was pro- ° (cﬁ SN ) //"—‘
! \ |

posed by separating the MUT from the top surface of the
resonator using an air gap with a range of 0.5-1.5 mm using
AS. It should be noted that the distance between the air gap
and the sensor greatly affected the frequency shift (AF),
sensitivity, and performance of the AS.

B. Design of Dual T-Shaped Resonator

The proposed sensor was designed using an FR-4 substrate
with a permittivity of 4.3, a loss tan of 0.0265, and a thickness
(h) of 1.6 mm. The structure and dimensions of the proposed
sensor are shown in Fig. 2(a) and (b) using a dual T-shaped
resonator connected directly to the sub miniature version A
(SMA) connector via a microstrip line with an impedance
of 50 Q.

Furthermore, the equivalent circuit (EQC) model using R as
resistors, L as inductors, and C as capacitors of the proposed
resonator is shown in Fig. 2(c), where the first resonator
is represented by Ry, = 0.379 kQ, L, = 5.530 nH, and
C> = 1.530 pF, while the second resonator is represented
by R; = 1.341 k2, L; = 3.010 nH, and C; = 1.160 pF.
To control the impedance of the resonator, the transmission
line was modeled and represented by Z; = 50 Q with
6 = 55.40, which was connected to port 1 with an impedance
of 50 Q. Furthermore, Cg1 = 0.299 pF and C,2 = 0.378 pF
were proposed to prevent a short circuit between the resonator
and the connector. The overall dimensions of the proposed
sensor are shown in Table I.

In this article, the modeling of EQCs is simulated using
AWR Office 2009, while finite element modeling (FEM) used
high frequency structure simulator (HFSS) 15.0. A comparison
of the simulation results between the FEM and EQC models
of the proposed resonator obtained consistent results, where
the resonator operated at two resonant frequencies f,.1 = 1.57
GHz and f;» = 2.35 GHz, as shown in Fig. 2(d). Based on
the theory, the resonant frequency of the resonator can be
determined using the following [36]:

frm— b

2w +/L,C,
where the capacitors (C,) and inductors (L,) are used to
control the resonant frequency (f,), while resistors (R,) are
used to control S;; of the resonator.

(D

C. Working Principle of Contact and Noncontact
Detection

Contact and noncontact detection using MS and AS can
be modeled using EQCs using a resistor (R), capacitor (C),

e
-5 f”\__,‘\

Sy (dB)
@

Frequency (GHz)

Fig. 2. (a) Design of dual T-shaped resonator and (b) perspective
view. (c) EQC model of the proposed resonator. (d) Simulation of the
proposed resonator based on FEM and EQC.

(a)m,z,, T ;/\/\/\— (b)PLZ« T, 'L—';rmj\-‘
e .C"l"_‘ T o=y Erg _c' c'_ A =

Eemut

Fig. 3. EQC model of (a) contact detection using MS and (b) noncontact
detection using AS with an air gap.

and inductor (L). Each component describes the physical
mechanisms that arise in E- and H-fields, and the quantitative
value of each component is simulated and extracted using
AWR MWO 2009. Furthermore, for contact detection, the
permittivity of MUT was assumed to be a capacitive load con-
nected in parallel with the capacitors of the resonator, where
Cqup and Cmut represent the capacitance of the resonator
and MUT [33]. On the other hand, for noncontact detection,
Cmut was connected in series with Cgyp. The EQC models of
contact and noncontact detection using MS and AS are shown
in Fig. 3(a) and (b).

Furthermore, the structure of the contact detection using
MS consists of two layers: ¢, and &,3, which represent the
permittivity of the resonator and MUT, as shown in Fig. 3(a),
respectively. The structure of the noncontact detection using
AS consisted of three layers: &, sub, &, gap, and &, MUT,
as shown in Fig. 3(b), representing the permittivity of the
resonator, gap, and MUT, respectively. In this article, an air
gap was proposed to separate the sensor and MUT with a
permittivity of &, gap = 1. The total capacitance of contact
and noncontact detection is represented by Cr ¢, and C7 o,
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f,=235GHz

f,=1.57 GHz f,=1.57 GHz f,=2.35GHz

Fig. 4.  Simulation result of E- and H-field concentration. E-field at
(a) fry = 1.57 GHz and (b) f,» = 2.35 GHz. H-field at (c) f,1 = 1.57 GHz
and (d) fr» = 2.35 GHz.

which can be determined by the following equation:

Crco = Csup + Cmurt )

Cgap : CMUT (3)

CT nco — CSub + .
Ceap + Cyur

Equations (2) and (3) show that the value of C7, is higher
than C7 neo, and this causes a shift in the frequency for contact
detection to be higher than noncontact detection. It should be
noted that Cgap can be assumed as the distance between the
MUT and the sensor (d), where the value of Cg,, will increase
for a small air gap and vice versa. Moreover, by placing the
MUT both in contact and noncontact with the air gap, the
resonant frequency of the resonator changes. The permittivity
of the MUT can be determined from the frequency shift of the
resonator. Furthermore, the resonant frequency of MS (fis)
and AS (fys) for contact and noncontact detection can be
determined as follows:

1
ms — 4
/ 27[\/ Ly (Cqup + Crc0) @
1
Jas &)

- 2 \/Lr (Csub + CT nco) .

It should be noted that the frequency shift of AS was greatly
influenced by the distance between the sensor and the MUT,
which is represented as d. Therefore, the gap between the
resonator and the MUT needs to be evaluated to obtain the
best sensitivity and performance of sensor.

D. Sensing Hot Spot Location of MS and AS

The sensing hot spot was determined based on the con-
centration of the E- and H-fields at each resonator. Both
resonators had different E- and H-fields concentrations based
on their respective resonant frequencies. The permittivity of
the MUT was detected by placing the material at the sensing
hot spot location. The simulation results of the E- and H-field
concentrations are shown in Fig. 4(a)—(d).

Based on the simulation results using HFSS 15.0, the
concentration of the E-field of the first resonator with f,.; =
1.57 GHz is in the open-ended stub, while the H-field is
in the middle arm of the second resonator, as shown in
Fig. 4(a) and (c). These results show that the first resonator
can function as MS with the sensing hot spot located on the
open-ended stub. On the other hand, the E-field and H-field
concentrations of the second resonator with f,» = 2.35 GHz

: ;
(@, b) o

300/ /| /

H-Field

300/

270 |7 270

/120

N/ —— t4=157GHz
150 —— f,=2.35GHz

2008 N\
N H f, =1.57 GHz

210 - f,=235GHz 210 L

Fig. 5. Radiation pattern of the proposed resonator. (a) E-plane at
fry = 1.57 GHz and f,» = 2.35 GHz. (b) H-plane at f,4 = 1.57 GHz and
fro = 2.35 GHz.

were in the same location on the middle arm of the proposed
sensor, as shown in Fig. 4(b) and (d). These results indicate
that the second resonator can function as AS with a sensing hot
spot location on the middle arm of the proposed device, where
the maximum concentration of E- and H-fields was obtained.
To validate the function of both resonators, a simulation of the
radiation pattern was proposed to observe the performance of
each, as shown in Fig. 5(a) and (b).

The simulation of the radiation pattern of the E- and H-
fields of both resonators showed that the second resonator
had maximum radiation compared to the first resonator. These
results confirmed that the second resonator can be proposed
as AS, while the second resonator can be proposed as MS.

[11. SIMULATION OF THE PROPOSED SENSOR

The simulation process was carried out using HFSS 15.0,
where two scenarios were proposed to detect the permittivity
of MUTs both in contact and noncontact.

1) MUT was placed on the sensing hot spot of the first
resonator directly without an air gap as MS for contact
detection, while the second resonator is in a vacuum.

2) MUT is placed on the sensing hot spot of the second
resonator with an air gap as AS for noncontact detection,
while the first resonator is in a vacuum.

The simulation results of MS and AS with a permittivity
range of 1-10 are shown in Fig. 6(a) and (b), respectively.
The resonant frequency of MS (f,;) moves to the lower
frequency from 1.770 to 1.570 GHz, while f,, does not
shift significantly while scenario 1) is applied, as shown
in Fig. 6(c). Furthermore, the same characteristics were also
obtained for the AS, where f,» moved to the lower frequency
from 2.355 to 2.322 GHz when the MUT was placed in
noncontact with an air gap (d) of 0.5 mm, as shown in
Fig. 6(d), while f,1 does not shift significantly while scenario
2) is applied. This indicated that the two resonators had
independent characteristics both in contact and noncontact
detection.

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 the following
equation [30]:

A_f _ (funloaded — fioaded)

S = =
Agr & (MUT)—Er (Reference)

(6)
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Fig. 6.  Simulation results of the proposed resonator at (a) f,{ =
1.57 GHz as MS for contact detection and (b) f» = 2.35 GHz as AS
for noncontact detection with an air gap of 0.5 mm. Correlation between
fr1 and f,o for (c) MS and (d) AS.
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Fig. 7. (a) AF of MS and AS for contact and noncontact detection.

(b) Sensitivity of MS and AS. Effect air gap of AS with (c) AF and (d)
sensitivity.

where § is the sensitivity of the sensor, and AF is the dif-
ference between the loaded and unloaded resonant frequency.
The sensitivity of MS and AS is shown in Fig. 7(a) and (b),
where the MS has a maximum sensitivity of 40 MHz/Ag,
and AF of 0.2 GHz/Ag,, while AS is 9 MHz/A¢, and AF
of 0.033 GHz/Aeg,. These results indicate that MS was more
sensitive than AS.

Furthermore, other findings showed that AF and the
sensitivity of AS for noncontact detection were greatly
affected by the distance from the air gap (d), as shown in
Fig. 7(c) and (d). From the simulation results with an air gap
of 0.5-3 mm, the sensitivity range was 3.67-9 MHz/Ag¢,,
while for AF was 0-0.033 GHz/Ag,. In other words, AS was
more sensitive for noncontact detection with small air gaps.
The effect of changes in tan$ on both resonators was simulated
and observed in this article. Fig. 8(a) and (b) shows that

3.2 A75 —) 45
3
3.4 n
18 . fa 5
36 ;
Az € 5.5
a8 185 R ]
T g 1 Esu A 8 =
4 2 @ 19 St @
G o fa . f, 652
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48 8
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18 g N
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Fig. 8. Effect of tang for (a) MS and (b) AS with an air gap of 0.5 mm.
(c) Comparison result effect of tané from MS and AS with an air gap of
0.5 mm. (d) Effect an air gap of AS with tand.

changes in tan§ with a range of 0-0.1 greatly affected the
S11 of the resonator.

Based on the simulation, MS had a better sensitivity for
detecting changes in tand compared to AS, as shown in
Fig. 8(c), with a shift in S;; from —17.91 to —20.49 dB
for contact detection, while non-contact detection is from
—17.46 to —18.74 dB. In addition, the two sensors had
independent characteristics both with MS and AS. Another
finding is that the gap between the sensor and the MUT of
AS greatly affected the value of Sy, as shown in Fig. 8(d),
where S;; increased for small gap distances. Furthermore, St
of AS shifted from —17.46 to —10.06 dB in line with changes
in the air-gap distance between the sensor and the MUT in the
range of 0.5-3 mm. The best performance of AS was obtained
with an air gap of 0.5 mm.

IV. MEASUREMENT AND VERIFICATION

A. Fabrication and Measurement Scenario
for MS and AS

The fabrication of the proposed device and MUT is shown in
Fig. 9(a), where the MUTs used were RO5880 (e, = 2.2 and
tand = 0.009), RO4003C (e, = 3.65 and tans§ = 0.0027),
FR4 (¢, = 4.3 and tand = 0.0265), and RO3006
(¢, = 6.15 and tan§ = 0.0025) with dimensions of
10 x 10 x 1.6 mm. The measurement process was carried
out using VNA, which was connected directly to the proposed
sensor using an SMA connector via port 1 with an impedance
of 50 €2, as shown in Fig. 10(a). The frequency range used was
1.00-3.00 GHz with a sweep frequency of 0.001 GHz and an
ambient temperature of 25 °C. The measurement data were
stored using a universal serial bus (USB) device connected to
a VNA and were processed using a personal computer (PC).

A comparison of the simulation and measurement of the
proposed resonator is shown in Fig. 9(b), where the two res-
onators had identical characteristics as dual-band resonators.
However, there were still errors and frequency shifts, where
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Fig. 9.
measurement of the proposed resonator.
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Fig. 10.  (a) Placement scenario of MUT. Measurement result of
(b) contact detection using MS and (c) noncontact detection using AS
with an air gap of 0.5 mm.

fr1 shifts from 2.35 to 2.34 GHz, while f,, shifts from 1.57 to
1.81 GHz. This was due to the variation of permittivity in the
substrate, namely, the range of ¢, of 4.25-4.35, and the error
during the fabrication process.

To validate and measure the performance of MS and AS for
contact and noncontact detection, two scenarios, as shown in
Fig. 10(a), were proposed.

1) MUT was placed on the sensing hot spot of the first
resonator without an air gap as MS for contact detection,
while the second resonator was in a vacuum.

2) MUT was placed on the sensing hot spot of the second
resonator with an air gap as AS for noncontact detection,
while the first resonator was in a vacuum.

Based on the measurements, for scenario 1), f,» shifted
to the lower frequency when the permittivity of the MUT
increased, while f.; was fixed. The same characteristics were
obtained for scenario 2), where f; shifted to the lower fre-
quency, while f,» was fixed for the permittivity range 1-6.15,
as shown in Fig. 10(b) and (c). The independent performance
of the resonators is shown in Fig. 11(a) and (b), where the
respective resonant frequencies of the two resonators did not
experience a significant shift when they were used as MS and
AS for contact and noncontact detection with the permittivity
range of 1-6.15.

For contact detection using MS, f,1 shifted from 1.810 to
1.690 GHz, while f,» shifted slightly from 2.340 to

(a) Fabricated of the proposed resonator. (b) Simulation versus

Frequency (GHz) Frequency (GHz)

Fig. 11. Independent performance of (a) MS for contact detection and
(b) AS for noncontact detection with an air gap of 0.5 mm.
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TABLE Il
PERFORMANCE OF THE PROPOSED MS AND AS
WITH AN AIR GAP OF 0.5 MM

MUT MS AS

AF S Acc. AF S Acc.

(GHz/Agr) (MHz/As:) (%) (GHz/Aer)  (MHz/Aer) (%)
Vacuum - - 98.001 - - 99.641
RO5880 0.020 16.161 99.091 0.004 3.330 99.842
RO4003C 0.050 18.862 99.732 0.007 2.741 97.170
FR-4 0.070 21.213 99.772 0.014 4.240 99.932
RO-3006 0.120 23.301 99.843 0.020 3.882 99.953

2.320 GHz. Furthermore, for AS, f,; shifted from 2.309 to
2.289 GHz, while f,; shifted slightly from 1.807 to
1.804 GHz. These results also proved that MS is more sensitive
than AS. Another interesting finding, the two resonators had
independent characteristics and these results are in line with
the simulation process.

B. Sensitivity and Accuracy of MS and AS for Contact
and Noncontact Detection

The effect of the air gap with AF and the sensitivity is
also discussed in this article. The maximum sensitivity of
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TABLE IlI
COMPARISON OF THE PROPOSED SENSOR BASED ON PREVIOUS LITERATURE
Ref Model Range of Material ~ Resonance frequency Independent Num. Range of gap  Contact Non- Integrated Design
permitivitty Under (GHz) perfomance of port (mm) contact Function  complexity
(&) Test MS & AS
MUT)  fu Jr2 Js
[34] Couple line 1-102 Solid 1.50 ) } No 2 - Yes No No High
section
[35] SRR 1-3 Solid 2.65 - - No 2 - Yes No No Moderate
[17] LC 1-102 Solid 2.00 } } No 2 - Yes No No High
resonators
Microstrip Solid No 2 - Yes No No High
[20]  linering 1-3.48 489 981 -
resonator
Dual U- Solid Yes 1 - Yes No No Moderate
[23] Shaped 1-43 1.21 2.10 -
resonator
[25] Apem‘lre 11285 Solid 950 1230 ) No 1 - Yes No No High
Coupling
[36] CSRR 1-11.90 Solid 535 799 : No 2 - Yes No No Moderate
resonator
[24] Slotloaded  1-10.2 Solid 2.50 - - No 1 - Yes No No Moderate
[29] SC-TCSRR 1 —44 Solid 142 265 4(.)4 No 2 0.10-0.50 No Yes No Moderate
[30] IDC 3-6 Solid 1.38 - - No 2 0.02-0.30 No Yes No High
This Dual T- 1-6.15 Solid 152 235 ) Yes 1 0.50 —1.50 Yes Yes Yes Low
work  Shaped
MS was 23.30 MHz/Ag, with AF of 0.12 GHz/Ag, while 8.00 @) 8.00 ®)
that of AS was 4.24 MHz/Aeg, and 0.02 GHz/Aeg, with an 7.00 7.00
air gap of 0.5 mm, as shown in Fig. 12(a) and (b). The & e R B ™ )
. . e . 2 3 = = S B .0
air-gap distance (d) greatly affected the sensitivity and AF ~ 3°% - 350 ]
. . . =400 = 4.00
of the AS, as shown in Fig. 12(c) and (d). The maximum E CI s - L ]
e . . o 3.00 Sy — Q 3
sensitivity and AF of the AS with a gap of 0.5-1.5 mm were = * n & n
. 2.00 u  Reference 2.00 = Reference -,
in the range of 0.001 GHz GHz/A¢,—0.02 GHz GHz/A¢, and 1o | 4 Measured " | e Pl
. . . .. i s Poly. (M d R oly. (Measuret
0.39 MHz/A¢,—4.24 MHz/Ag,, respectively. This finding is in 3 i Nasa]

line with the simulation results, where the AS is more sensitive
with smaller air gaps.

Furthermore, the difference between the permittivity of
the MUT and the reference is expressed as Ag,. Generally,
the reference permittivity used is a vacuum with ¢, = 1.
The normalized sensitivity (NS) was calculated by the fol-
lowing equation [26]:

1 (fun]oaded - floaded)
— %.

Ag, Sunloaded

Based on (7), the NS of the proposed MS and AS sensor
was 1.15% and 0.16% with a permittivity range of 1-6.15.
Furthermore, the accuracy of MS and AS for contact and
noncontact detection was obtained by using the polynomial
equations. The permittivity from the datasheet was used as
a reference and was compared to the permittivity calculated
based on the polynomial equation. The comparison of the
permittivity values from the datasheet and the calculation from
MS and AS are shown in Fig. 13(a) and (b).

Based on measurements and calculations, the permittivity
of the MUT was determined for MS (g,1) and AS (g,2) with
the following equation:

NS = (7

&1 = alfms4 - ames3 + a3fm52 — a4 fms + as ®)
&2 = blfas4 - beas3 + b3fas2 — by fas + bs &)

where f,s is the resonant frequency of MS with a; = 41 667,
ap = 294643, a3 = 780982, a4 = 919 666, and as = 405977,

0.00
2285 229 2295 23

Frequency (GHz)

2305 231

1.65 17 178 18

Frequency (GHz)

1.85

Fig. 13. Accuracy of (a) MS compared with reference permittivity and
(b) AS compared with reference permittivity.

as shown in (8). On the other hand, f,s represented the
resonant frequency of AS with by =4 x 108, by =3 x 10,
by =1 x 1010, b, =2 x 10'° and b5 = 1 x 10'°, as shown
in (9). Table II shows the accuracy of permittivity detection
for MS and AS for permittivity from 1 to 6.15. From the
measurement results, the average accuracy of the MS and
AS with an air gap of 0.5 mm is 99.30% and 99.31%,
respectively. These results indicate that both sensors had high
accuracy in detecting the permittivity of the MUT. The overall
performance of MS and AS including sensitivity and A F and
accuracy is shown in Table II.

Table III shows that the performance of MS was more
sensitive than AS with an air gap of 0.5 mm. Furthermore, both
sensors had high accuracy and independent characteristics for
both MS and AS for contact and noncontact detection.

V. EXPERIMENTAL VALIDATION WITH THE
EXISTING SENSORS
In this article, integrated MS and AS based on dual T-shaped
resonators are presented. MS and AS were proposed for
permittivity detection of MUT for contact and noncontact
detection, respectively. In addition, this article introduces
a dual T-shaped resonator structure that has independent
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characteristics using a single port. The proposed sensor also
has two different sensing hot spots, so that it can be pro-
posed for contact and noncontact measurements independently.
Table III shows a comparison between the proposed work and
the existing sensors.

Table III presents that the proposed device has novelty
by proposing integration of MS and AS. Another novelty,
the dual T-shaped resonator has independent characteristics,
so that it can be used for contact and noncontact detection
independently. Moreover, this study also presents the corre-
lation between the distance from the air gap to the accuracy
and sensitivity of AS for noncontact detection. Based on the
measurements, an air gap (d) of 0.5-1.5 mm is proposed
to separate the sensor and MUT for noncontact detection,
while the best performance for AS is obtained with an air
gap of 0.5 mm.

VI. CONCLUSION

In this article, we have successfully integrated MS and AS
for contact and noncontact characterization of solid materials
with a permittivity range of 1-6.15. The proposed sensor is
based on a dual T-shaped resonator with a single port, which
operates at f,; = 1.81 GHz and f,, = 2.34 GHz. In addition,
the proposed device has independent characteristics, so that
it can be used for contact and noncontact measurements
separately. From the measurements, the average accuracy was
99.30% and 99.31% for MS and AS with an air gap (d)
of 0.5 mm, respectively. The NS of the two sensors was
1.16% and 0.16%, while the range of the air gap (d) for
AS was 0.5-1 mm. This integration of MS and AS can
be recommended as an excellent solution for contact and
noncontact material characterization in the biomedical, quality
control, and materials science industries.
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