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To address the insufficient strain transfer ratio of monolithic antenna sensors and signal self-jamming in wireless
interrogation, this paper presents a cross-polarized antenna sensor based on a U-shaped resonator for crack
sensing. The sensor comprises an Rx antenna, a Tx antenna, and a sensing element. Employing cross polarization
between Rx and Tx antennas mitigates ambient reflection, and the channel model of the sensing system based on
cross polarization technique is demonstrated to reveal the working mechanism. Within the sensing element, a U-

shaped resonator and movable shorted unit form an unstressed resonator, encoding the crack width in both the
amplitude and phase in the retransmission signal, which are utilized to extract the sensor’s resonant frequency.
The equivalent circuit model is established to analyze the monitoring mechanism comprehensively. The oper-
ational performance of the sensor is simulated in CST and validated by experiment. Results demonstrate a good
linear relationship between the sensor’s resonant frequency and the crack width.

1. Introduction

In civil engineering structures, industrial production, and aerospace,
deformation or crack is inevitable due to long-term service or extreme
environments, affecting the normal operation and even causing cata-
strophic accidents [1]. Hence, real-time structural health monitoring
(SHM) and comprehensive safety assessment of engineering, civil
structures, and industrial electronics are of great significance [2,3].

As an essential component of structural health monitoring, sensors
are employed to detect deformation and transmit monitoring data in
real-time. Traditional sensors, such as optical fiber sensors [4], resistive
transducers [5], and piezoelectric sensors [6], necessitate cables for
power supply and transmitting monitoring data. However, the installa-
tion of cables increases the system’s cost and complexity, making repairs
exceedingly inconvenient when the system malfunctions[7]. To avoid
the usage of cables, various wireless sensors have been proposed to
realize information detection and wireless communication by inte-
grating sensing elements and wireless communication units[8,9].
Nevertheless, these communication devices still require a power supply
to ensure uninterrupted operation, which incurs substantial mainte-
nance costs and exhibits diminished performance in high-temperature
environments, limiting their practical application. Therefore, passive
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and wireless sensing systems have been garnering more and more
attention lately to achieve continuous, uninterrupted monitoring sys-
tems without relying on batteries.

In past decades, Radio Frequency Identification (RFID), an emerging
identification technique offering numerous benefits, such as non-line of
sight communication path, all-weather reading, low cost, and simplicity,
has provided a viable solution for wireless and passive monitoring
[10,11]. Among RFID, chipless RFID stands out due to its capability to
function without an embedded chip, which further compacts the struc-
ture and reduces the tag’s cost. Compared with chipped RFID, chipless
RFID is suitable for massive deployment [12]. Hence, chipless RFID has
recently garnered significant attention in sensor applications. One
notable advancement is the antenna sensors, which encode the moni-
toring information in the electromagnetic characteristic parameters of
backscattered signal or retransmitted signal [13]. Meanwhile, the an-
tenna sensor’s electromagnetic characteristic parameters are designed
to be shifted with structural deformation or changes in environmental
parameters. Deif et al. [14] proposed an antenna sensor based on six
rectangular spiral resonators for detecting defects in pipeline coating. In
the presence of water between the coating and the pipe surface, the
resonator at the water-affected area will be short-circuited, resulting in
the disappearance of the resonant frequency. Yi et al. [15] utilized a
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Fig. 1. Channel model of the sensing system.
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Fig. 3. Installation diagram of the crack sensor.

patch antenna sensor to detect both the setting time and moisture con-
tent. With the increase in moisture content, the cement’s dielectric
constant decreases, consequently increasing the sensor’s resonant fre-
quency. Tchafa et al. [16] designed a dual-frequency patch antenna for
measuring both the superstrate thickness and temperature simulta-
neously. Up to now, antenna sensors have shown great application
prospects in various fields of SHM [13,17-24].

However, the majority of antenna sensors are based on a monolithic
patch antenna to realize the sensing function, facing some the adverse
effects of bonding in monitoring structural deformation, such as insuf-
ficient strain transfer ratio [25]. Besides, the monolithic antenna sensor
utilizes the size alteration of its own patch to detect deformation, which
is prone to failure during significant deformations, not conducive to
long-term monitoring. To avoid these issues, the combined unstressed
antenna sensor has been further studied by scholars, which uses the
relative motion of the radiation patch and the sub-patch to characterize
the structural deformation, avoiding the stress on the radiation patch
[11,26-29]. Zhang et al. [30] introduced a crack sensor comprised of a
circular patch antenna and a ground plane related with crack depth.
With the increase of crack depth, the effective electrical length of the
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circular patch will increase, and consequently, the resonant frequency
will decrease. Caizzone et al. [31] proposed a crack sensor based on two
coupling planar-inverted-F antennas. The change of coupling distance
will cause the phase variation of the backscattered field, which is related
to crack widths. Xue et al. [32] developed a bolt loosening sensor based
on a rectangular patch antenna. The loosening of the bolt will cause the
length of the screw to change, consequently altering the overlapped
length between the sub-patch and the radiation patch, resulting in a shift
in the resonant frequency. Jha et al. [3] designed an angel sensor for
detecting rotation and proximity, which utilizes the relative rotation and
vertical movement of a complementary split-ring resonator on a
conductor-backed coplanar waveguide to change the sensor’s resonant
frequency.

Although the antenna sensors have attractive prospects in SHM,
wireless interrogation in antenna sensors still faces significant chal-
lenges. Upon receiving the wireless interrogation signal, the antenna
sensor will backscatter signal encoding the detection data outward.
Simultaneously, surrounding objects also reflect the interrogation
signal. Unfortunately, the intensity of the reflected interrogation signal
surpasses that of the backscattered signal, causing the backscattered
signal to be submerged in the echo signal, which is the “self-jamming”
problem [13]. Several techniques have been developed to separate
backscattered signals from echo signals. Among them, the impedance
switching technique and the amplitude modulation (AM) technique
exhibit similarities, as both necessitate a switch in the sensor node to
alter the state of the antenna terminal load for backscattered signal
modulation [33,34]. However, the inherent operational requirements of
the switch make it reliant on batteries, increasing maintenance costs.
Frequency doubling technique aims to elevate the frequency of the
backscattered signal to twice the frequency of the interrogation signal,
and it is easy to separate the backscattered signal from the environ-
mental reflection signal[20]. Nonetheless, frequency doubling tech-
nique entails the use of diodes, increasing the complexity of the sensor.
Another approach, background subtraction technique, involves sub-
tracting the echo signal recorded with a sensor from the echo signal
obtained without a sensor to isolate the backscattered signal, which
means that calibration is required before each interrogation[35]. Cross
polarization technique involves adjusting the polarization direction of
the backscattered signal to cross the polarization direction of the
interrogation signal, while the polarization direction of the reflected
signal and interrogation signal is consistent[22,36,37]. Consequently,
the reflected signal can easily be filtered out at the receiving terminal of
the reader. Compared with the previous several technologies, cross po-
larization technique utilizes the inherent characteristics of the electro-
magnetic wave itself, without extra components, thereby offering a
simpler operational approach.

This paper introduces a cross-polarized antenna sensor based on a U-
shaped resonator for crack sensing. To avoid the high intensity of the
ambient reflection signal, the sensor integrates two cross-polarized
ultra-wideband (UWB) antennas to receive the interrogation signal
and retransmit the encoded signal, which allows the sensor to function
properly on metal surfaces. Moreover, a combined unstressed sensing
element can encode the crack width in the retransmission signal,
avoiding the drawback of forced fracture of the monolithic antenna
sensor that affects the service performance and service life. In the
sensing element, the shorted unit can be moved above the U-shaped
resonator, and there is an overlapped length between the U-shaped
resonator and the sub-patch beneath the shorted unit, facilitating cur-
rent flow from the U-shaped resonator to the sub-patch. Consequently,
the sub-patch and U-shaped resonator work together as a combined
resonator, causing amplitude attenuation and phase fluctuations to the
signal at the resonant frequency. In wireless interrogation, the sensor’s
resonant frequency can be restored from amplitude and phase simulta-
neously, enhancing both stability and accuracy. This article is organized
as follows. Section 2 reveals the operational mechanism of cross polar-
ization technique and introduces the innovative concept and sensing
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Fig. 5. Dimensional parameters of the sensing unit: (a) Top view of sensing unit and (b) Upward view of movable shorted unit.

principle of the proposed crack sensor. In Section 3, the modeling and
simulation of the crack sensor are carried out to study the sensor’s
resonant frequencies under different crack widths. In Section 4, the
sensor is fabricated, and a series of wireless interrogations are conducted
to assess the sensor’s feasibility. The last section gives the conclusion.

2. Methodology
2.1. Mechanism of cross polarization technique to avoid self-jamming

To elucidate the operational mechanism of cross polarization tech-
nique, it is beneficial to establish a channel model of the sensing system,
as shown in Fig. 1. The subsequent analysis is primarily based on the
literature [38]. The channel model consists of a reader, an antenna
sensor and surrounding objects. Furthermore, there is a coupling effect

between the transmitting antenna and the receiving antenna of the
reader.

Obviously, the signal received by the reader consists of three parts:
the antenna sensor’s response, the surrounding objects’ response and the
coupling effect, which can be expressed as:

M=T-CR+T-SSR+T-O-R=1+T-S-R+T-O-R 1)

Where M represents the signal received by the reader, T represents
the transmission path, R represents the reception path, C represents the
coupling effect between the transmitting antenna and the receiving
antenna, S represents the response of the antenna sensor, and O repre-
sents the response of the surrounding objects. Since the coupling effect is
always present, independent of the sensor and the object, it can be
represented by a constant matrix I.

Taking into account the polarization of electromagnetic waves, each
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Table 1

Basic Parameters Of the Simulation Settings.
Parameters Value Parameters Value
W/ mm 55 L, / mm 13
W; / mm 40.8 L3 / mm 2
Wy / mm 14 s/ mm 1.2
L/ mm 55 g/ mm 0.3
L; / mm 40 AL / mm 0~2

block can be expressed as a 2 x 2 scattering matrix. In the scattering
matrix, the two terms on the diagonal represent the co-polarization
transfer function, while the two others represent the cross-polarization
transfer function. The equation (1) can be expressed in more detail as:

|:Mvv Mvh:| _ |:Ivv Ivh:| + |:Tvv th:| { |:va Svh:|
My, My, Ly I T T N
0, Oy Ry, Ry
+ . 2
|:0hv 0hh:| } {th th} 2)
In the sensing system employing cross polarization technique, there
is a high degree of isolation between the transmitting and receiving
antennas, which means that Ty, Thy, Ryn, and R, are sufficiently low to
be negligible. Besides, common objects also do not reflect cross-

polarized signals, which means that Oy, and Op,, are also low enough
to be ignored. Thus, the co-polarized signal received by the reader can
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Fig. 8. S21 curve of the crack sensor at different overlapped lengths in CST: (a)
insertion loss and (b) transmission phase.

be expressed as:
M,y = Ly + Ty (Sw + Ou) Ry 3

Obviously, increasing the intensity of the transmission signal cannot
proportionally enhance the contribution of the sensor response relative
to the object in the received signal, which means that useful signals
remain buried in ambient reflections.

The cross-polarized signal received by the reader can be expressed
as:

M.y, = Ly + T+ SopRun @

In contrast to the co-polarized signal, the intensity of the sensor’s
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CST calculated from (a) insertion loss and (b) transmission phase.

Table 2
Comparison of calculation methods using insertion loss and transmission phase.

Calculation methods Lowest point of insertion Initial point of phase

loss fluctuation
Starting frequency 2.4802 2.4736
(GHz)
Ending frequency 2.7382 2.7322
(GHz)
Fitting factor 0.9984 0.9984
Sensitivity (MHz/mm) 129 129.3

cross-polarized response can be significantly improved by increasing the
intensity of the transmission signal, thereby avoiding self-jamming.

2.2. Sensing principle of crack sensor

The crack sensor consists of an Rx antenna, Tx antenna, flanged
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Fig. 10. Current distribution diagram of crack sensor at 2.6 GHz and 1 mm
overlapped length.
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Fig. 11. Electric field distribution diagram of crack sensor at 2.6 GHz and 1
mm overlapped length.

microstrip line, dielectric substrate, ground plane, U-shaped resonator
coupled at the flanged corner of the microstrip line, and movable
shorted unit, as shown in Fig. 2. Compared with other shapes resonators,
such as spiral resonators, U-shaped resonators have a simpler structure
and are more suitable for deformation sensing. Meanwhile, the U-shaped
resonator is a resonant structure with a high Q-value and narrow
bandwidth, which is suitable for wireless sensing. The impedance of the
microstrip line is 50 Ohm to reduce transmission losses, and the U-
shaped resonator is coupled at the corner of the microstrip line to in-
crease the surface current intensity and energy dissipation at its resonant
frequency[39]. The movable shorted unit consists of an overlapping
dielectric substrate and an overlapping sub-patch. The movable shorted
unit is positioned above the underlying U-shaped resonator. This
arrangement ensures a tight fit, with the sub-patch and U-shaped reso-
nator lying in the same plane. The current can flow from the U-shaped
resonator to the sub-patch when the sub-patch and U-shaped resonator
have a partial overlapped length, which allows the U-shaped resonator
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Fig. 12. Magnetic field distribution diagram of crack sensor at 2.6 GHz and 1
mm overlapped length.

and the sub-patch to function collaboratively as a combined resonator to
dissipate energy.

In practical applications, the sensor is positioned on one side of the
crack, with the shorted unit connected to the opposite side of the crack
via a connecting member, as shown in Fig. 3. Initially, the right side of
the U-shaped resonator aligns with, but does not overlap the left side of
the sub-patch. Crack propagation causes the shorted unit to shift left-
ward above the U-shaped resonator, increasing the overlapped length
between the U-shaped resonator and the sub-patch beneath the shorted
unit. Consequently, the electric length of the combined resonator

W;

E——

—

R,

B —

W, W;
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Table 3

Basic Parameters Of The Circular Broadband Antenna.
Parameters Value Parameters Value
W3/ mm 30 Ly / mm 55
W4/ mm 3 Ls / mm 0.3
Ws / mm 135 Ls / mm 5
Wes / mm 0.7 L; / mm 10
W,/ mm 3.6 Lg / mm 16
R; / mm 13 Lo / mm 0.9

0

S11 (dB)

=30 " 1 L 1 L L L 1 L
1 2 3 4 5 6

Frequency (GHz)

Fig. 14. Simulated reflection coefficient (S11) of the designed circular broad-
band antenna.

Ws

Fig. 13. Dimensional parameters of the circular broadband antenna: (a) Top view of sensing unit and (b) Upward view of the movable shorted unit.
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Fig. 15. E-plane and H-plane gain plot of the designed circular broadband antenna.
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Fig. 16. Simulated gain plot of the designed circular broadband antenna.

decreases, leading to an increase in the resonant frequency of the
combined resonator.

In order to realize wireless interrogation of antenna sensors, two
UWB antennas need to be connected to two ports of the vector network
analyzer (VNA), as shown in Fig. 4. The VNA inquiry signal is trans-
mitted through Tx antenna 1, and when the sensor’s Rx antenna 1 re-
ceives the signal, the Rx antenna 1 generates a surface current. This
current flows to the sensor’s Tx antenna 2 through the sensing element,
which encodes deformation information in the current. Then Tx antenna
2 resonates to transmit the encoded signal to VNA’s Rx antenna 2. From
the insertion loss and transmission phase read by the VNA, the combined
resonator’s resonant frequency can be extracted, and then the crack
width can be calculated.

Fig. 5 shows the dimensional parameters of the sensing unit. Wand L
are the width and length of the substrate, respectively. W; is the length
of the vertical portion of the microstrip line and L; is the length of the
horizontal portion of the microstrip line. g is the gap between the U-
shaped resonator and the microstrip line. L, is the length of the hori-
zontal portion of the U-shaped resonator, Wy the length of the vertical
portion of the U-shaped resonator, and s is the width of the U-shaped
resonator. Lz is the length of the sub-patch. AL is the overlapped length
between the U-shaped resonator and the sub-patch.

In order to reveal the sensing principle of the sensor intuitively, the
equivalent circuit model of the sensor is established, as shown in Fig. 6.
The flanged microstrip line is equivalent to a parallel RLC network, and
the combined resonator (U-shaped resonator and sub-patch) can also be
modeled with a parallel RLC network. When the surface current flows
through the microstrip line, there will be magnetic coupling L, and
electric coupling C;, between the combined resonator and the microstrip
line [14], which causes the combined resonator to resonate at its reso-
nant frequency and dissipate the energy of the interrogation signal at
that frequency component. According to the equivalent circuit model,
the resonant frequency of the combined resonator can be calculated as
[40,41]:

Je = )

Where L, is the equivalent inductance of the combined resonator,
and C. is the equivalent capacitance of the combined resonator. The
equivalent circuit parameters of the combined resonator can be deter-
mined by[40]:

[

C,=——F—+H
2Zy(wf — @2)

(6)

o,

Lo=—2 7
4222 C, 2
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Fig. 17. The proposed crack sensor.

Sensor PC

Fig. 18. Test system setup on wood for the VNA experiment.
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Where ayp is the angular resonance frequency, . is the 3-dB cutoff
angular frequency, and Z, is the characteristic impedance of the
microstrip line.

Meanwhile, there is another, more convenient method for calcu-
lating the resonant frequency of a combined resonator which utilizes the
concept of effective electrical length. The resonant frequency of the
combined resonator can also be calculated as[41,42]:

c 2
ﬁzz\/m (©)

Where c is the speed of light in a vacuum, ¢, is the relative dielectric
constant of the dielectric substrate, and L. is the effective electrical
length of the combined resonator and can be calculated as:

L, =2L,+W,+2Ly—2-AL (10)

When the movement of the shorted unit relative to the U-shaped
resonator is very small, that is, the change of the combined resonator’s
effective electrical length (L) is small enough, the resonant frequency’s
shift and the change in L, shows a linear relationship approximatively.
As shown in the following equation:

c 2
—/——AL 11
202 Ve, + & an

f=-
3. Simulation

3.1. Simulation of the sensing element in CST

To evaluate the detection performance of the proposed crack sensor,

the sensor is simulated in CST Microwave Studio, as shown in Fig. 7. The
model uses two wave ports for interrogating the sensing element and
receiving retransmitted signals, respectively, avoiding the employment
of cross-polarized Rx and Tx antennas, which simplifies the simulation
process without compromising performance verification. The material
of the dielectric substrate is Rogers RO3003. The microstrip line, ground
plane, U-shaped resonator, and overlapping sub-patch are all set as
perfect electric conductors (PECs).

The dimensions of the crack sensor are detailed in Table 1. In the
model, the U-shaped resonator and the sub-patch are situated on the
same plane, ensuring there is no air gap between them to facilitate the
flow of current. To simulate the spread of the crack, the overlapped
length between the U-shaped resonator and the sub-patch was set as a
variable with a range of 0-2 mm and a change in step size of 0.2 mm. The
entire simulation space is determined by the cube box in Fig. 7, filled
with air, and the sensor is located in the center of the cube box. The
sensor is fed by waveport 1, and the resultant signal is received by
waveport 2 after it flows through the flanged microstrip line.

Initially, the right side of the U-shaped resonator fits but does not
overlap the left side of the sub-patch. Subsequently, the spread of the
crack will cause the sub-patch to move to the left, resulting in an over-
lapped length with the U-shaped resonator. This overlapped length leads
to a reduction in the effective electrical length of the combined reso-
nator. To investigate the correlation between the resonant frequency of
the combined resonator and the overlapped length, a series of simula-
tions are conducted, varying the overlapped length from 0 mm to 2 mm
in increments of 0.2 mm to represent the step of crack expansion. Fig. 8
shows the insertion loss curve and transmission phase curve under
different overlapped lengths. Then, the lowest point of each insertion
loss curve and the initial point where the phase fluctuates are taken as
resonance points, and the variation curve of resonance frequency and
crack width are established, respectively, as shown in Fig. 9.

Obviously, with the expansion of the crack, the U-shaped resonator
and the sub-patch gradually overlap, and then the resonant frequency of
the combined resonantor increases correspondingly. The comparison of
calculation results using insertion loss and transmission phase is pre-
sented in Table 2. Although there is a slight discrepancy in the resonant
frequencies obtained through insertion loss and transmission phase, a
specific frequency range can be defined to represent different crack
propagation states in practical applications. There is a clear linear
relationship between the resonant frequency and the overlapped length
calculated by both methods, and the fitting factor of both curves is
0.9984, as shown in Fig. 7. The resonant frequency obtained by these
two methods is approximately shifted about 129 MHz for every 1 mm
crack propagation, indicating that the sensor has high sensitivity in
monitoring crack width.

To further verify the detection mechanism of the sensor, Fig. 10
shows the current distribution on the antenna sensor at 2.6 GHz when
the crack width extends to 1 mm. Clearly, the current predominantly
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Sensor PC

Metal plate

(b)

Fig. 19. Test system setup on a metal plate for the VNA experiment: (a) total system and (b) detail diagram of the sensor.
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Fig. 20. Measured reflection coefficient (S11) of the designed circular broad- Fig. 21. Insertion loss in sensor-absent environments.
band antenna.

1 mm, respectively. The electric field and magnetic field are strongest

concentrates on both the U-shaped resonator and the sub-patch. Fig. 11 near the combined resonator, indicating that the combined resonator
and Fig. 12 show the electric field distribution and magnetic field dis- has resonated. This observation aligns with the theoretical analysis
tribution of the crack sensor at 2.6 GHz when the crack width extends to presented in the preceding section.
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Fig. 22. S21 curve of the crack sensor mounted on wood under different
overlapped lengths: (a) insertion loss and (b) transmission phase.

3.2. Simulation of the UWB antenna in HFSS

As discussed earlier, the sensor needs to integrate two UWB antennas
at both ends of the sensing element to receive the inquiry signal and
retransmit the signal encoded with the deformation information. To
meet the requirement of the sensing element’s operating frequency
band, the circular broadband antenna is designed and simulated in
Ansys high-frequency structure simulator (HFSS) [43]. Fig. 13 and
Table 3 show the circular broadband antenna parameters and di-
mensions. The material of the dielectric substrate is FR4, and the
thickness of the substrate is 1.6 mm.

The reflection coefficient and the antenna radiation patterns of the
circular wideband antenna are shown in Fig. 14 and Fig. 15, respec-
tively. Obviously, the simulated bandwidth of the proposed antenna is
1.64—5.38 GHz. Fig. 16 shows the simulated gain of the proposed
antenna. Limited by the substrate material and the size of the patch
antenna, the maximum gain of the antenna is 1.30 in the 2—3 GHz. The
calculated boundary between the near field and the far field of the
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Fig. 23. S21 curve of the crack sensor mounted on metal plates under different
overlapped lengths: (a) insertion loss and (b) transmission phase.

circular wideband antenna is 1.1 cm.
4. Wireless interrogation

In this section, the antenna sensor is fabricated, and a series of ex-
periments are carried out to validate the sensor’s operational perfor-
mance and feasibility.

The physical image of the sensor is shown in Fig. 17, and its substrate
material and specific size parameters are consistent with the simulation
model. The crack sensor is interrogated wirelessly on wood and metal
surfaces by VNA and UWB antennas, respectively, as shown in Fig. 18
and Fig. 19. The dielectric constant of wood is 1.5 ~ 3.5, and the
dielectric constant of metals is infinite. The width of the cracks is
increased from 0 mm to 2 mm, and the step size is 0.2 mm. The two ports
of the VNA are connected to the UWB antenna through the coaxial line,
with one port responsible for transmitting the interrogation signal and
the other for receiving retransmission signals. Simultaneously, the
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Fig. 24. Relationship between overlapped lengths and resonant frequency
calculated from (a)insertion loss and (b) transmission phase (sensor is mounted
on wood).

antenna sensor is connected to another pair of UWB antennas, which are
responsible for receiving the interrogation signal from the VNA and
transmitting the antenna sensor’s encoded signal. Furthermore, the Tx
and Rx antennas are configured with cross polarization to avoid un-
wanted environment reflected signal.

As shown in Fig. 17 and Fig. 19(b), the movable shorted unit is
connected to the micrometer through a transparent acrylic plate. The
micrometer facilitates precise control over the displacement of the
movable table, subsequently driving the movement of the shorted unit
through the drive shaft to simulate crack propagation. Initially, the right
side of the U-shaped resonator aligns without overlapping the left side of
the sub-patch. Then, by manipulating the micrometer, the movable
shorted unit is controlled to move toward the U-shaped resonator, so
that the sub-patch overlaps partially with the U-shaped resonator. The
incremental movement of the shorted unit is set at 0.2 mm. The
measured reflection coefficient of the circular wideband antenna is
shown in Fig. 20, and the bandwidth of the proposed antenna is
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Fig. 25. Relationship between overlapped lengths and resonant frequency
calculated from (a) insertion loss and (b) transmission phase (sensor is mounted
on metal plates).

1.70—5.31 GHz. Fig. 21 records the insertion loss curve in an empty
environment where no sensor is installed. Obviously, the signal strength
is lower than —35 dB, indicating excellent cross polarization perfor-
mance. The insertion loss and transmission phase of the antenna sensor
mounted on wood and metal plates under different overlapped lengths
are recorded by vector network analyzer (VNA), as shown in Fig. 22 and
Fig. 23, respectively. When the sensor is placed above wood, the
maximum wireless reading distance is 7 cm, and when the sensor is
placed above metal, the maximum wireless reading distance is 6 cm. The
key factors that limit the reading distance are the signal power of the
VNA is only 0 dBm and the gain of the UWB antenna is not high enough.

The sensor’s resonant frequencys are derived from the lowest point
of each insertion loss curve and the initial point of phase fluctuation of
each transmission phase curve, respectively. The relationship between
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Table 4
Comparison of theoretical calculation, simulation, and VNA experiment.
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Theoretical calculation CST simulation

VNA experiment (on wood) VNA experiment (on metal plates)

Calculation basis Equivalent electrical length Amplitude Phase Amplitude Phase Amplitude Phase
Measuring range (GHz) 2.411-2.652 2.480- 2.473- 2.395-2.566 2.388-2.559 2.412-2.578 2.408-2.571
2.738 2.732

Fitting factor - 0.9984 0.9984 0.9999 0.9999 0.9981 0.9986
Sensitivity (MHz/mm) 120.5 129 129.5 85.5 85.5 83 81.5

Table 5

Comparison of similar work and this work.
Ref. Application Wireless reading technology Sensing variable Stress state Sensitivity
[44] Strain detection Co-polarization Amplitude Stressed 32.77 MHz/%¢e
[45] Crack detection Co-polarization Amplitude Unstressed 68 MHz/mm
[46] Crack detection Co-polarization Amplitude Unstressed 43.9 MHz/mm
[40] Strain detection Cross polarization Amplitude Stressed 1.90909 KHz/pe
[22] Crack detection Co-polarization Amplitude Unstressed 66.7 MHz/mm
This work Crack detection Cross polarization Amplitude and phase Unstressed 85.5 MHz/mm

overlapped lengths and resonant frequency are displayed in Fig. 24 and
Fig. 25. Apparently, the resonance frequency increases linearly with the
expansion of the crack. Both the linear fitting coefficients are higher
than 0.99, demonstrating the excellent workability of the crack sensor.

Table 4 provides a comparison between theoretical calculation,
simulation results, and VNA experiment results. The correlation co-
efficients for the fitted line in each group are higher than 0.99, revealing
the outstanding functionality of the antenna sensor. Although the
resonant frequencies calculated by amplitude and phase are slightly
different, a certain frequency range can be defined to represent various
crack propagation states in practical applications.

The main reasons for the disparities between the experimental and
simulated results are: (a) a distinct air gap exists between the U-shaped
resonator and the sub-patch in the experiments, whereas no such gap is
considered in the simulation; (b) inherent size errors may occur during
the manufacturing process of the antenna sensor; and (c) during manual
control of the sub-patch’s movement towards the U-shaped resonator,
slight translations or rotations away from the intended displacement
direction are inevitable, influencing the electromagnetic characteristics
of the antenna sensor.

Table 5 provides a comparison between this work and similar work,
which utilize RFID sensors to detect deformation. It is clear from the
comparison table that the proposed sensor is more suitable for crack
detection.

5. Conclusion

This paper introduced a novel cross-polarized antenna sensor based
on a U-shaped resonator for stable and precise wireless passive crack
sensing. The primary purpose of the sensor is to characterize the crack
expansion by the relative displacement between the U-shaped resonator
and the shorted unit, avoiding the force of the sensor itself, and employ
cross polarization technique in wireless interrogation, avoiding signal’s
self-jamming. Meanwhile, the sensing element encodes the crack width
information in the amplitude and phase of the retransmission signal, and
the resonant frequency can be extracted from both the amplitude and
phase, enhancing the stability and accuracy in the wireless sensing. The
wireless channel model of the sensing system is established to reveal the
mechanism of cross polarization technique to avoid self-jamming.
Furthermore, the equivalent circuit model of the antenna sensor is
established to verify its effectiveness. Both the results of the simulation
and experiment show that the sensor has excellent working perfor-
mance. The sensor’s resonant frequency is linear with the crack width,
and the correlation coefficient exceeds 0.99.

In the future, the authors will involve exploring the utilization of
Unmanned Aerial Vehicles (UAVs) equipped with UWB antennas and
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VNA to retrieve data from the sensor in real-world environments.
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