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Abstract—Multifunctional, integrated, and independent
microwave sensor (MS) with dual-band bandpass filter (BPF) for
solid material characterization and radio frequency
communication is presented. The proposed device is developed
using a multi-coupled line resonator structure to integrate both
multiplexing (MUX) and demultiplexing functionalities (DEM UX).
On the input side, the circuit behaves like a MUX, divided into
three main sections: Path |, Path Il, and the MS structure. Path |
and Path Il sections feature a pair of coupled-line configurations
for the lower-band BPF (LB-BPF) with ladder-based resonators
and upper-band BPF (UB-BPF) with hairpin-based resonators,
respectively. Additionally, the MS structure employs a ring
resonator configuration, positioned between Path | and Path Il.
On the output side, the circuit behaves like a DEMUX, combining
back into a single port. As a result, the dual-band BPF has
frequency centers of 1.80 GHz (LB-BPF) and 2.56 GHz (UB-BPF)
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suitable for 4G and 5G applications, respectively. Moreover, the dual-band BPF exhibits independent characteristics,
with easily controllable frequency centers and fractional bandwidths. Furthermore, for the MS function, the frequency
of maximum transmission (MT) and the transmission zero (TZ) were utilized for MS evaluation. Solid materials with low
permittivity (&) ranging from 1 to 9.5 were used as samples. The MS achieved a normalized sensitivity of 2.60% and
1.98% for MT and TZ, respectively. Interestingly, the integration of LB-BPF, UB-BPF, and MS shows independent
performances and does not influence each other. This behavior is linked to distinctive electric field locations. Finally,
compared to prior structures, the proposed design offers several advantages, including: 1) multifunctional capability
by combining a dual-band MS and dual-band BPF, 2) independent and simultaneous characteristics, and 3) full
integration with a simple structure based on 2-port single-layered substrate design.

Index Terms—Dual-band BPF, integrated microwave sensor, multifunctional, MUX-DEMUX, and ring resonator.

I. Introduction

ICROWAVE sensors (MS) have been the subject of

intensive study and development in both academic and
industrial circles, owing to their numerous advantages such as
high sensitivity, high selectivity, and ease of fabrication. These
sensors operate based on radio frequency (RF) signals by
detecting changes in the environment and subsequently shifting
the frequency, phase, amplitude, or reflection values. The MS
has a wide range of applications, such as physical sensors,
chemical sensors, and biosensors. In addition, the MS can also
detect solid, liquid, and gas phases. The key principle behind
MS is the exploitation of permittivity or permeability of the
environment especially for solid material [1]-[3]. However, it
poses limitations particularly in the context of future
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communication devices where the multifunctionality between
sensor and communication is needed. The multifunctional
integration of sensor and communication, particularly dual-
band bandpass filters, is important for establishing an efficient
and low noise system.

Several interesting dual-band BPFs were proposed: A.
Ghaderi et al. [4] introduced a compact dual-band BPF using T-
shaped resonators, while F. Wei et al. [5] presented a compact
dual-band BPF with a wide stopband. Additionally, a dual-band
BPF with reconfigurable capability was proposed by [6]. These
dual-band BPFs exhibit good performance, leveraging
impedance analysis. However, the proposed dual-band BPFs
are limited to monofunctional capability as BPFs only.
Furthermore, there is a need for the combination of BPFs and
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MS, especially in the Internet of Things (IoT) and 4G/5G era.
Sensors collect real-time data from the environment, while
communications facilitate fast, long-distance data transfer. This
can enhance energy efficiency and bolster support for the IoT.
Overall, a swift response to environmental changes combined
with communication can significantly amplify productivity and
efficiency, such as reducing the number of ports, having a
smaller size structure, and achieving more efficient power due
to simultaneous functionality.

To overcome monofunctional capability limitation, several
multifunctional devices and/or sensors with multiple tasks
simultaneously were proposed [7]-[21]. In detail, these sensors
mtegrate additional functionalities, such as antenna, oscillator
[19], balance/unbalance [11], duplexer [16]. and BPF
capabilities, alongside their sensing capabilities. By combining
these functionalities into an integrated device/sensor, the
overall efficiency and versatility of the devices can be greatly
enhanced. In detail, there have been notable advancements in
mtegrating antennas with microwave sensors, as documented in
[12], [13]. [18], [21]. These studies have introduced various
strategies to enhance the performance of these integrated
systems. One key approach involves impedance matching of an
antenna as a sensor, as highlighted in [13]. This technique
results in a shift in the resonance frequency of the antenna [ 15].
Another significant development is the proposal of an active
mtegrated antenna for permittivity sensing, as presented in [8].
In this case, interdigital structures are employed as part of the
oscillator element. Consequently, when the sample is loaded,
the resonance frequency of the antenna changes accordingly.

Several studies that combine BPF and MS are proposed by
[10], [14], [20], [22]. In detail, the MS has a function for
displacement application. In detail, ref [10] 1s focused on the
bandstop filter structure. Then, the movable layer can be used
for displacement sensing based on the phase of the reflection
coefficient. Moreover, the displacement sensing strategy has
been extended m works like [14], [20], [22] to incorporate
noncontact characteristics, which function to reduce friction
and extend the range of displacement measurement. However,
the primary limitation of the sensors discussed in [10], [14],
[20], [22] is the presence of ambiguities and a lack of
independent characteristics, which can make interpretation
challenging.

In general, multifunctional MS/device structures face several
major challenges: 1) The exhibition of a high degree of
complexity, requiring additional insulator structures between
the device and the MS. This complexity can complicate the
manufacturing process and increase the chances of operational
issues. 2) The requirement of an additional power supply to
support the various functionalities. This dependence on external
power sources can be mconvenient and limit portability. 3) The
limitation on supporting typically only a single-band
communication system with a fixed band. This condition
restricts their versatility and compatibility. 4) Many proposed
multifunctional devices often offer switchable functionalities,
meaning that only one feature can be active at a given time. This
constraint prevents the simultaneous operation of multiple

functions, potentially reducing efficiency and causing
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Fig. 1. A proposed of multifunctional and independent dual-band
bandpass filter with a solid microwave sensor. (a) The transmission
coefficient response of each branch. (b) The proposed technique for
branch integration. The circuit functions as a mux on the input side and
as a demux on the output side. Path | and path Il serve as lower-band
bandpass filters (LB-BPF) and upperband (UB-BPF) filters,
respectively. Additionally, capacitance C: and C: represent the
coupling characteristics between the input/output feed and path | and
path I, respectively. A microwave sensor (MS) is positioned in the
middle between Path | and Path II. (c) Simultaneous response of the
transmission coefficient of the proposed device.

inconvenience. 5) In some cases, the different functions

mtegrated within a combined device may not operate

independently. The performance of one function may be
affected by the operation of another, leading to compromised
performance and unpredictable behavior. 6) The ambiguous
and non-independent characteristics of multifunctional devices.

These devices often introduce uncertainties regarding their

performance and limitations. It can be challenging to precisely

define their capabilities and ensure consistent performance
across all functionalities. Consequently, the challenges in
developing more agile and versatile multifinctional

MS/devices are numerous, leaving many voids and open

problems to address.

As a novelty, the proposed structure offers several novel
features and advantages, as outlined below.

1) A multifunctional, integrated, and independent MS and
dual-band BPF for solid material characterization and radio
frequency communication is presented. The proposed
device is designed using multi-coupled line resonators that
unify the multiplexer-demultiplexer (MUX-DEMUX)
structure. On the input side, the circuit functions as a MUX,
and on the output side, it operates as a DEMUX,
recombining into a single port, as shown in Fig. 1(a)-(b).

2) The integration of the BPF and MS components ensures
independent operation without mutual interference. This
independent behavior is a result of the distinct electric field
(E) locations. Importantly, the transmission coefficient
(|S21]) of the BPFs and MS are distinctive, with BPFs
demonstrating higher and wider Sy, responses compared to
the MS, as shown in Fig. 1(c). These distinctions
significantly reduce interpretation ambiguity.

3) The dual-band BPFs provide easily controllable and
independent characteristics in terms of frequency center (f;)
and fractional bandwidth (FBW).

4) For the MS function, we utilize the frequencies at the
maximum transmission (MT) and transmission zero (TZ)
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Fig. 2. A detailed multi-coupled line (CL) structure. (a) The Z is the
impedance between the feed line and CL. Moreover, The Zz. and Zz
are the even- and odd-mode impedance of path 1. (b) The Zs is the
impedance between the feed line and CL. Then, the Zs. and Z4, are the
even- and odd-mode impedance of Path |1.

for sensing evaluation. This approach provides a greater

degree of freedom, especially for material characterization,

and facilitates more robust analysis.

5) Compared to standalone BPF and MS devices, the proposed
structure reduces the number of ports by 66% (from 6 ports
to 2 ports). Additionally, the device features a simple single-
layered substrate design, ensuring ease of implementation.
The work is organized as follows. In Section II, we discuss

the proposed independent dual-band BPF based on the multi-

coupled line structure. This section includes a study of the
impedance characteristics of each resonator. We then explain
the dual-band filter circuit, covering the response of each
branch and the combination of the two branches. This section
also provides a discussion of the independent characteristics of
the two filters, highlighting that adjustments to the center
frequency and bandwidth are trivial. In Section III, the
discussion focuses on the introduction of a ring resonator into
the middle of Path I and Path II, along with the optimization of
thewr dimensions and equivalent circuits. Following this, the
section discusses microwave sensors, focusing on the
placement of materials and the analysis of electric field
distribution. It then proceeds to simulate transmission
efficiency values with changes in various material permittivity
and simulations involving changes in the loss tangent. Section

IV is dedicated to fabrication and sensor measurements using

various solid materials. This section also includes

measurements of frequency shifts and sensitivity values.

Finally, the conclusions are presented in Section V.

Il. DuaL BanD BPrF BAseD ON MULTI-COUPLED LINE
THROUGH UNIFIED Mux-DEMUX STRUCTURE

Fig. 1(a) illustrates the structure of each branch of the MUX.
The upper structure represents Path I, referred to as the LB-BPF
structure, which resembles the shape of a BPF ladder.
Meanwhile, at the bottom is the Path II structure, which serves
as UB-BPF and exhibits a BPF hairpin shape. An MS structure
is positioned between Path I and Path II with a ring-resonator
shape functioning as the probe. We can observe that if the
proposed device operates in a monofunctional mode, it will
require 6 connectors. This could be considered a waste of
resources. Fig. 1(a) illustrates the response plan for each MUX
branch. Here, we designed and planned the |S, | response of the
BPF to have a wider bandwidth and a higher magnitude value.
In contrast, the response of the MS is more sharply defined,
with a lower magnitude. This characteristic plays a crucial role
n eliminating ambiguity between the functions of BPF and MS.

Port 2

Fig. 3. A complete layout of Path | and Path Il for dual-band BPF
application. Here, w1 = 3.0 mm, wz = 1.0 mm, / = 5.0 mm, &= 3.0 mm,
E=370mm, h=255mm, t=23.5mm, k=38.0 mm, k=16 mm, l
=14.75mm, ks = 3.0 mm, fio = 18.0 mm, g« = 0.5 mm, gz= 0.5 mm, and
g =0.5 mm.

Fig. 1(b) illustrates the proposed integration of MUX and
DEMUX using the multi-coupled line method. Specifically, the
structure functions as a MUX on the input side, dividing one
mput into three branches. This system is referred to as a MUX
because each branch operates at a different frequency. The use
of different working frequencies in each branch facilitates the
independent evaluation of BPF and MS performance. On the
output side, the system recombines into a single branch,
resembling a DEMUX system. Consequently, only two
connectors are required in total. Therefore, the proposed system
has the potential to save 66% of connectors. Meanwhile, Fig.
1(c) displays the plan of |S,)| response of the dual ports of the
proposed structure. There is a significant disparity between the
BPF response and the MS response. The MS exhibits a sharper
|S21] response with a smaller magnitude.

Fig. 2(a) shows the detailed structure of the LB-BPF circuit.
Additionally, Z». and Z», correspond to the even- and odd-mode
impedance of Path 1. Then, the Z;; is determined by [23], [24]:

1
{(Zze - 220)2 - (Zze + 220)2 cos? 62}E 1

2siné, M
The relation between the complex propagation with the even-
and odd-mode impedances of Path I and the electric length of
6 1s calculated using the following equation:

cosh(a + jp) = (:1 t 1).:05 8, (2)

1
wherer, = Z,,/Z,,.

Then, Fig. 2(b) shows the detailed structure of the UB-BPF
circuit. Zs represents the impedance between the feed-line and
CL. Moreover, Zs. and Z, are the even- and odd-mode
impedance parameters of Path II with electric length of & The
Zin is determined by [23], [24]:

Ziz = —jyZ4eZ 4o COt B, 3

Then, the relation between the complex propagation with the

even- and odd-mode impedances of Path 11 is determined by:

Zye+Z

Z::e = Z4o )
2 40

After calculating all the impedances, the realistic value of

Zy =

cosha =
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Fig. 4. (a) Transmission coefficient (|Szi|) values of ring resonator
structure with direct source/load coupled line for different values of gap
(s3). The structure will be utilized as an MS. (b) It has the value of
maximum transmission coefficient (Mr) and transmission zeros (Tz).
impedance should be chosen to ensure successful fabrication.
Here, the termination port of Z; is set as 50 Q. Moreover, the
impedance of Z; and Zsare 113.0 QQ and 113.0 02, respectively.
Then, the electric lengths of @), &, ¢, and & are 132.2°, 24.1°,
64.1°, and 40.7°, respectively. Furthermore, the even- and odd-
mode impedance of Path [ and Path IT have values of Z,.=133.0

Q, 750=94.0 Q, and Zs.= 143.6 Q), Zs,= 92.1 Q, respectively.

A. An Independent of Dual-Band BPF Response

Fig. 3 displays detailed circuit dimensions for Path I and Path
II. The termination ports are located at the bottom on both the
mput and output sides. Additionally, on the input side, the
supply circuit is directly coupled to LB-BPF and UB-BPF. This
coupling strategy serves several purposes, including the
distribution of power to various locations, thereby reducing
mutual coupling between the two filters (LB-BPF and UB-
BPF). A low level of mutual coupling between the passbands
ensures that the dual-band BPF responses remain independent
of each other. Furthermore, another reason for this
configuration is to maintain a high-power level, resulting in a
larger |Sz| value, which is essential for achieving the desired
BPF response.

Moreover, the feeding circuit between the input and output
features an extended structure, allowing a low coupling
connection between them. This arrangement is commonly
referred to as source-load coupling. Utilizing source-load
coupling is beneficial for confining and localizing the LB-BPF
and UB-BPF locations. Next, a ladder-based structure is
employed in the LB-BPF, specifically designed so that the
vacant location can be later used for an MS. Furthermore,
mcreasing the distance between the coupling and the MS
promotes independent response. Meanwhile, the UB-BPF
employs a hairpin-based structure with adjacent capacitive
coupling. This design effectively reduces coupling on the feed
line located on the top side, which will be used for the MS in
the next stages.

In the Supplementary Material, Fig. S1 at presents a
comparison of [Sy| and S| values for the proposed
configuration with Path I only and Path I with Path IL It is
evident that Path I generates the LB-BPF. Subsequently, when
combined with Path II, a dual-band BPF is achieved. It can be
said that Path II generates the UB-BPF. As mentioned at the
beginning, the proposed dual-band BPF structure exhibits
mdependent performance. Fig. S2 (a-d) illustrates the

Path

MS

Path
Il

Microstrip

[ Substrate ]

Ciround
Fig. 5. The final layout of the proposed dual-band filtering sensor
based on multi-coupled lines with the ring resonator. The dual-band
BPFs were developed using a combination of Path | and Path II
structure. Then, the microwave sensor (MS) based on the ring
resonator was fabricated in the middle part. Moreover, the illustration
also shows the position of the sample under test (SUT).

performance of |S,)|, displaying an independent response when
tuning the center frequency (fc) and bandwidth (BW).

Specifically, Fig. S2(a) demonstrates that the center
frequency n LB-BPF (f¢) can be independently adjusted by
altering the length of [y, where [, =[5 + I, =[5 + [5. Then, Fig.
S2(b) illustrates that the bandwidth of the LB-BPF (BW)) can
be independently tuned by modifying the gap of s;. In addition,
Fig. S2(c) shows that the frequency center of the UB-BPF (fc2)
can be shifted independently by altering the length of /s, where
lp= [7+2l;. Moreover, Fig. S2(d) demonstrates that the
bandwidth of the upper-band UB-BPF (BW».) can be
independently tuned by changing the gap s». In detail, the f¢)/fc>
can be adjusted to lower frequencies by increasing the value of
l4/lg, respectively or by changing the length of the resonator.
Then, the BW1/BW2 can be reduced by increasing the values of
s1/s2, respectively, or by changing the coupling distance. In
short, the proposed dual-band BPF has frequency centers of 1.8
GHz (LB-BPF) and 2.6 GHz (UB-BPF), suitable for 4G and 5G
applications, respectively. The dual-band BPF exhibits
mdependent characteristics, with easily controllable frequency
centers and fractional bandwidths.

IIl. INTEGRATED DUAL-BAND BPF AND SoLD Ms BAseDp ON
MuLTI-CouPLED LINE STRUCTURE

After optimizing the independent dual-band BPF design, the
next stage 1s to design and optimize the structure of the MS.
Fig. 4(a) illustrates the proposed structure of the MS. The
feeding structure employed in this study is a source-load
coupling structure between port 1 and port 2. A ring resonator
structure is utilized, which is magnetically coupled to the
feeder. Ring resonators offer the advantage of being able to
separate the maximum values of the electric field (E) and the
magnetic field (H). The gap position of the ring resonator is
positioned away from the source-load coupling position. This is
essential to minimize the interaction between the MS and the
BPF. Furthermore, there are several key considerations when
designing the MS:

1) The MS location must be sufficiently distant from the
dual-band BPF to ensure independent performance. This
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Fig. 6. The electric field distribution (E) for (a) Path I, (b) Path Il, and
(c) MS location. The maximum value of the E field has a different region
for each structure. Then, for easy analysis, the E fields have the same
scale with a maximum value of 100 kV/m.

can be achieved in two ways: physical separation, as
observed between the MS and LB-BPF, or by
implementing a source-load blocking structure, as
demonstrated in the case of the MS and UB-BPF.

2) To mitigate interference between LB-BPF and UB-BPF,
this study suggests placing the working frequency of the
MS between the working frequencies of LB-BPF and UB-
BPF.

3) It is important to maintain a low S, value for the MS to
prevent it from functioning as a BPF.

4) Since the MS will be loaded with samples, the resonant
frequency of the MS without samples should be close to
the center frequency of the UB-BPF.

To adjust the frequency of the MS, the values of the
resonator length and gap can be utilized. Fig. 4(b) illustrates the
iteration of the gap value (s3) and its correlation with the
locations of the maximum transmission coefficient (MT)
frequency and transmission zeros (TZ) frequency. In this study,
two sensor locations were employed, namely, TZ-based and
MT-based frequencies.

Fig. S3(a) depicts an equivalent circuit model of a ring
resonator with magnetic coupling to the feedline. The input and
output terminations are set to 50 €). Additionally, the source-
load coupling is represented by a value of Cs. = 0.1 pF. On the
ring resonator (RR) side, the resonator values are represented
as Lgs = 12.9 nH, Cgs = 0.5 pF, and Rgs = 1.0 Q. Meanwhile,
the gap value in the RR is denoted by the liquid value of C,; =
0.81 pF. Fig. S3(b) presents a comparison of the computational
results between the finite element model (FEM) and the
equivalent circuit model (ECM) of the RR. The results indicate
that both the FEM and ECM yield similar values and share the
same resonance frequency values, as well as identical MT and
TZ values.

Then, the introduction of a sample to the MS leads to a
change in the capacitance value within the gap, resulting in
alterations to the C,;, value. These changes lead to shifts in the
MT and TZ values. Fig. 5 displays the final layout of the
proposed integrated dual-band BPF and MS, based on multi-
coupled lines with a ring resonator, through a unified MUX-
DEMUX structure. The dual-band BPFs were developed using
a combination of Path I and Path I structures. Subsequently,
the MS, based on the ring resonator, was fabricated in the
middle portion. Furthermore, the illustration also indicates the
position of the sample under test (SUT). Additionally, a
perpendicular  view is provided to enhance clarity in
visualization. Fig. 6(a), 6(b), and 6(c) depict the electric field

[Sy (dB)

15 2 25 3 1.9 2.1 23 25
Frequency (GHz) Frequency (GHz)
Fig. 7. (a) Simulation results of transmission coefficient parameter

(|S21|) with the broadband response of the proposed dual-band filtering
sensor for different values of relative permittivity (g;) from 1.0 to 10.0 of
the sample under test (SUT). (b) Simulation result of transmission
coefficient parameter (|Szi|) with detail around the maximum
transmission (MT) and transmission zeros (TZ) value.

tan & = (,0000
tan & = 0.0010
H tand=0.0030 .|
tan & = 0.0075:
tan & = 0.0125
| tan = 0.0200
tan & =041300 [

(b) 0.0300

15 2 25 3 22 2.21
Freq. (GHz) Freq. (GHz)
Fig. 8. (a) Simulation results of |Sz1| with broadband response of the
proposed dual band filtering-sensor for different value of dielectric loss

(tan &) of the sample from 0.0 to 0.03 with relative permittivity of SUT
of 5.00. (b) detail value of |Sz:| around in-band MT.

0.0000

222

distribution at resonance conditions for Path I, Path II, and MS,
respectively. It can be clearly seen that the different functions
have different directions.

Each structure has different regions with maximum E-field.
For ease of analysis, the E-fields are normalized to a maximum
value of 100 kV/m. When the simulation is run at fg,, the
maximum E-field value is observed on Path I. Conversely,
when the simulation is conducted at fcz, the E-field value is
observed on Path IL Finally, when the simulation is performed
at the MS frequency, the E-field value is found in the MS
structure. This simulation demonstrates that each sub-device,
such as LB-BPF, UB-BPF, and MS, operates independently and
does not influence the others.

Fig. 7(a) depicts simulation results of |S;;| with broadband
response from 1.5 GHz to 3 GHz for the proposed dual-band
BPF and MS at different values of relative permittivity (g,) for
the sample under test (SUT), which ranges from 1.0 to 10.0.
The SUT size used is [0 mmx 10 mm x 1.5 mm with a constant
dielectric loss (tan §). The simulated sample with & = 1.0
indicates that the device has not been loaded with a sample and
remains in free-air condition. Meanwhile, the simulation results
with the sample show that when & = 2.0, the frequency shift is
significant. However, a significantly larger shift in the value of
|S21| oceurs when &, = 10.0. In general, adding samples does not
affect the performance of the dual-band BPF, and the two bands
of BPF exhibit independent performance. Fig. 7(b) depicts a
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Fig. 9. (a) A photograph of the dual-band filtering sensor and the
measurement setup for evaluation of different SUTs. The haolder,
screw, and nylon shield were utilized for the SUT suppressor. (b) A
photograph of the sample location of SUT. (c) The VNA display of [Sz|
measurement result with SUT was loaded to the dual-band filtering
sensor.
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2 (b)
-30 .
— [Syf (sim.)
————— |S,,| (meas.) e |S1|| (meas.)
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Fig. 10. Comparison between simulation and measurement of (a)
magnitude |Szi| and the detail value of magnitude |Sz1| around the 0 dB
to measure and calculate the bandwidth (BW), and (b) magnitude |S11|
of integrated dual-band BPF and MS.

simulation result of |S;| with details regarding the values of MT
and TZ. To enhance detection clarity, we propose using the
frequencies of MT and TZ as sensor indicators in simulation.
Consequently, the sensor gains a higher degree of freedom to
operate.

Fig. 8(a) shows the simulation result of |Sz| with a
broadband response for the proposed dual-band filtering sensor
at different values of dielectric loss (tan &) of the sample,
ranging from 0.0 to 0.03, with relative permittivity (,) of SUT
at 5.00. Then, Fig 8(b) illustrates detailed |Sz1| values around
the in-band MT. Higher dielectric loss generates a lower value
of'|S;)|. This simulation is important to show that the proposed
sensor can also function as a dielectric loss sensor. Similar to
different permittivity loads, variation in dielectric loss (tan )
does not impact the BPF response.

IV. FABRICATION, MEASUREMENTS, CROSS-SECTIONAL
EFFECT, AND SENSOR EVALUATION OF INTEGRATED DUAL-
BanD BPF AnD MS

A..Fabrication and Measurement Setup

To verify the proposed concept, the dual-band BPF and MS
device were fabricated on a Rogers RT/Duroid 5880 substrate
with &, = 2.2, and a loss tangent (tan &) of 0.0009, and a
thickness of 1.55 mm. A photograph of the dual-band BPF-MS
and the measwrement setup for evaluating various SUTSs is
shown in Fig. 9(a). Here, the holder, screws, and nylon shield
were used as SUT suppressors. It should be noted that SUT
suppressors are essential for establishing direct contact between
the SUT and the device.

0 0 —
ll.ﬁ - r TYI"'I_“E'\ -
10 F ﬁ il -10 ||
_ \J'II }t 1A _ J
% -20 T'/{;fﬁ % 220 aie
P
@ | (b) ~ fr
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I ' — TM10
-50 . s -50 . ’
1.5 2 25 3 1.5 2 25 3
Frequency (GHz) Frequency (GHz)

Fig. 11. (a) Measurement results of |Sz:1| with the broadband response
of the dual-band filtering sensor for different SUT. (b) Measurement
result of S| with the broadband response of the dual-band filtering-
sensor for different SUT
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Fig. 12. (a) Measurement results of transmission coefficient parameter
(|S21]) with detail around the maximum transmission (MT) and
transmission zeros (TZ) value. (b) Measurement result of the frequency
value at the maximum transmission (MT) and transmission zeros (TZ)
with three times repeatability.
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Fig. 13. (a) Measurement results of the Af and Ae compared to
unloaded condition (such as far and & = 1.00) with three times
repeatability. (b) Relation between the frequency value at the maximum
transmission (MT) and transmission zeros (TZ) with & value for
regression purposes.

They can also reduce the air gap and minimize measurement
mismatches. To ensure more stable data, this measurement
strategy was implemented for all samples. Several pomts to
note include that the nylon shield has low permittivity, and the
pressure was not applied at the maximum E field. Fig. 9(b)
depicts a photograph of the sample location of the SUT in the
proposed device. The device is connected to a vector network
analyzer (VNA) through port 1 (50 Q) and port 2 (50 Q).
Furthermore, Fig. 9(c) shows the VNA display of the Sy
measurement result with the SUT loaded into the dual-band
BPF-MS device. It can be observed that the |Sai| has three
peaks. The wide peaks function as the LB-BPF and UB-BPF,
while the sharp peak and sharp valley serve as the MS at MT
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and TZ.

Then, Fig. 10(a) and Fig. 10(b) display a comparison
between simulation and measurement results for an integrated
dual-band BPF and MS of magnitude [S:| and [Syi,
respectively. The simulation and measurement data align well.
Specifically, the measurement peaks for |S»)| are -1.54 dB and -
1.91 dB at frequencies of 1.80 GHz and 2.56 GHz, values
suitable for low-band BPF (LB-BPF, 4G) and upper-band BPF
(UB-BPF, 5G) applications. Additionally, there is a middle
peak at -3.59 dB at 2.45 GHz, intended for MS applications.
Furthermore, the magnitudes of |S,)| are -26.02 dB, -12.3 dB,
and -24.38 dB at frequencies of 1.80 GHz, 2.45 GHz, and 2.56
GHz, respectively. These values indicate that the measurement
results exhibit good performance for both [Ss| and [Sy|.
Moreover, it provides detailed information about the magnitude
of |S;)| in the vicinity of -3 dB, enabling the measurement and
calculation of fractional bandwidth (FBW). This structure
demonstrates fractional bandwidths of 3.39% and 3.32% for
LB-BPF and UB-BPF, respectively.

B. Cross-Sectional Effect of Integrated Dual-Band BPF
and MS With Sample Load

The independence of a hybrid device is crucial to ensure its
unambiguous operation. Here, the cross-sectional effect of the
mtegrated dual-band BPF and MS was evaluated by varying the
loaded sample. Fig. 11(a) shows a measurement result of |Sy|
with broadband response of the dual band BPF and MS for
different SUT solid material. Here, we utilized samples with
permittivity and dielectric loss characteristics as follows,
ROS880 (5, = 2.2, tan & = 0.0009), RO4003C (¢, = 3.55, tan & =
0.0027), FR4 (5, = 4.3, tan &= 0.0265), RO3006 (¢, = 6.15, tan
= 0.0025), and TM 10 (&-= 9.5, tan & = 0.0022). The ambient
temperature during the measurements was maintained at 25°C.
The measurement results show that with the increase of &, of the
sample, the frequency value of the peak MS will shift to the left
or have a lower frequency. In this study, TM10 represented the
highest & value, while air represented the lowest & value. In
other words, the initial condition of the device is still without a
sample.

(b)

50

£

FDR (MHz/er)
=

—/\— NS.at MT
| —{ - NS.atTZ

—/\— FDR at MT
—{1- FDR at TZ

%]
=

2 4 6 8 10 2 4 6 8 10
Relative permittivity Relative permittivity
Fig. 14. Comparison results. (a) The frequency detection resolution
(FDR) value, (b) normalized sensitivity (NS) at the maximum
transmission (MT) and transmission zeros (TZ).

=}

Fig. 11(b) depicts the measurement results of |S,| for the
dual-band BPF and MS with different SUT solid materials. The
[S11] value is lower than -10dB for the dual-band BPF, and vice
versa for the MS. Moreover, there are several interesting
observations regarding the cross-sectional effect of the dual-
band BPF and MS.

1) After MS is loaded with a sample, the dual-band BPF
maintains a constant value of |Sz1| and [Sn.

2) The bandwidth of the dual-band BPF, both LB-BPF and
UB-BPF, remains fixed and stable.

3) The MS has[S;| <-3 dB and |Sy| = -10 dB, which means

it will not function as a BPF and will reduce ambiguity.

Overall, the dual-band BPF exhibits stable and independent
characteristics and is not influenced by the MS. Additionally, it
should be noted that the proposed device has independent
capability. This means that each parameter works standalone
without interfering with each other. Moreover, the reflection
phase is also another microwave sensor technique. However, it
has several disadvantages, such as more complicated
measurements and a limited dynamic range with ambiguous
values if it rotates more than 180 degrees.

C. Sensor Evaluation and Comparison Result

In detail, Fig. 12(a). shows a measurement result of Sy with
detail around the MT and TZ value for MS evaluation. We can
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observe the shifting of MT and TZ after the MS is loaded with
different samples. Then, we recorded the frequency values of
MT and TZ and plotted them as shown in Fig 12(b). It should
be noted that the measurement of the MS was conducted three
times for repeatability. The variation in the results of MT and
TZ is low, indicating data stability. In detail, it also depicts the
relationship between the permittivity of the sample and the
frequency of MT and TZ. It is shown that higher sample
permittivity leads to lower frequency for both MT and TZ. The
next step is to calculate the relationship between Ag and Af, as
shown in Fig 13(a). This data is crucial for calculating the
frequency detection resolution (FDR) value and normalized
sensitivity (NS). Here, the Af and Ag, are compared to the
unloaded condition (such as f,; and &, = 1.00) with three times
repeatability.

Moreover, Fig. 13(b) depicts the relationship between the
frequency values of MT and TZ and the & values for regression
purposes. Therefore, the & values can be extracted from
frequency. The &, values are calculated by:

Er(mr)\ _ (19.669 —116.90\(f? 170.23
(Er(’rz)) = (27.510 146.11 ) (f ) + (194.25) Q)
where f'is frequency of MT or TZ. Then, the £t Or £,1z) are
relative permittivity values using MT or TZ, respectively.

Figs. 14 (a)-(b) show the comparison result of FDR and NS
using MT or TZ-based methods. The equations for FDR and NS
can be found in [25]-[27] for FDR and [28]-[30] for NS. In
detail, Fig. 14 (a) depicts the maximum FDR values as 63.70
MHz/e; and 49.11 MHz/e: for MT and TZ-based, respectively.
Moreover, Fig. 14 (b) depicts the comparison results of NS
using MT or TZ-based methods. The maximum NS values are
2.60 % and 1.98 % for MT and TZ-based methods, respectively.
The MT has a slightly higher FDR and NS compared to TZ-
based sensors. This occurs because the E-field values of MT are
higher than those of TZ. However, TZ can serve as an
alternative sensor when the MT does not function as intended.

Table 1 presents a comprehensive comparison of the
integrated MS-based sensor with other devices, including the
state of the art. The proposed device exhibits several unique
parameters and ntegrated features: 1) The dual-band BPFs
offer controllable frequency center and bandwidth. 2) The
proposed device does not require additional insulators or power
supplies, making it simple and suitable for wireless
communication and IoT applications where power supply is
limited. 3) The responses of the dual-band BPF and MS are
unambiguous and distinctive, with clear interpretations. They
exhibit independent performances and do not influence each
other. 4) The utilization of the MT and TZ approach provides a
higher degree of freedom, especially for material
characterization, while also facilitating more robust analysis.
Then, 5) the hybrid device combines simultaneous
functionalities and significantly reduces the number of ports by
66% (from 6 ports to 2 ports) with a simple single-layered
substrate design, ensuring ease of implementation.

V. CONCLUSION

A multifunctional, integrated, and highly mdependent dual-
band BPF with MS for RF communication and solid material
characterization was successfully developed. The proposed
device unifies MUX-DEMUX. As a result, the dual-band BPF
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has frequency centers of 1.80 GHz (LB-BPF) and 2.56 GHz
(UB-BPF) suitable for 4G and 5G applications, respectively.
Moreover, the dual-band BPF exhibits independent
characteristics, with easily controllable center frequencies and
fractional bandwidths. The MS achieved a normalized
sensitivity of 2.60% and 1.98% for MT and TZ, respectively.
Interestingly, the integration of LB-BPF, UB-BPF, and MS
shows independent performances and does not influence each
other. Finally, compared to prior structures, the proposed design
offers several advantages including a simple structure based on
a 2-port single-layered substrate design.
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