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Abstract

This article presents a novel passive patch antenna sensor for simultaneous crack and temperature sensing, and the
antenna sensor has the ability of temperature self-compensation. The passive patch antenna sensor consists of an under-
lying patch and an overlapping sub-patch. The off-center feeding activates resonant modes in both transverse and longi-
tudinal directions. The resonant frequency shift in transverse direction is used for environmental temperature sensing,
while the structural crack width can be sensed by the longitudinal resonant frequency shift after temperature compensa-
tion. Furthermore, the unstressed design of the antenna can also eliminate the issue of incomplete strain transfer ratios.
In this article, the relationships between the antenna resonant frequencies, the environmental temperature, and the
structural crack width were studied. Simulations were conducted to determine the optimal off-center fed distance of
the patch antenna sensor. Furthermore, a series of experimental tests were also conducted, where the passive patch
antenna was fabricated and installed on the concrete components as well as an actual building. Continuous monitoring
was performed for several days to test the temperature sensing ability of the passive patch antenna, and the sensed
crack width after temperature compensation was compared with the actual results. The results of these experiments
demonstrate the feasibility of using the passive patch antenna for simultaneous temperature and crack sensing.
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Introduction conductive material-based crack sensors,'? and acous-
tic emission-based crack sensors'*!'* have been utilized
for structural crack sensing. These sensors make it eas-
ier and more accurate to detect structural cracks in real
time. However, these crack sensing technologies usu-
ally based on wired sensors and need numerous wires
for power supply and information transmission, which
make it difficult to install and maintain in actual engi-
neering.'"> Furthermore, these crack sensors often
affected by environmental temperature changes. When
the environmental temperature varies, the sensing of
cracks may be inaccurate, or additional temperature

Structural damages such as cracks will inevitably occur
during the long-term service of civil engineering struc-
tures. Cracks can be caused by a variety of factors,
such as the structural service loads, defects in building
materials, and environmental effects. However, such
cracks can have serious adverse effects on the structure,
reduce the bearing capacity and durability of the struc-
ture, or even leading to sudden structural failure and
resulting in casualties and property losses. Therefore, it
is of great significance to detect the structural cracks
promptly to identify the potential structural issues and
take necessary measures. '
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sensors may be required for measurements correction
and compensation.'® These drawbacks greatly limit the
practical use of the crack sensors.

In recent years, passive Internet of Things (IoT) has
developed rapidly. Passive 10T refers to a category of
passive devices and sensors that do not require bat-
teries or wired power supply, and utilize external
energy to transmit and receive data. The implementa-
tion of passive IoT is based on technologies such as
radio frequency identification (RFID) or near-field
communication (NFC), which uses radio waves or elec-
tromagnetic fields to transmit sensing data and infor-
mation. Since the passive sensor does not require
batteries or other power sources, it has the advantages
of low cost, casy installation, and eliminate the need to
replace batteries. Compared with traditional sensors,
passive sensors are more suitable for practical
applications.

Antenna sensor is a type of passive sensor which
does not need power supply and can be interrogated
wirelessly. Compared with traditional sensors, the
antenna sensor does not need batteries or power
sources, and it can be interrogated wirelessly through
RFID readers, which makes it easier to integrate with
passive IoT as a sensing unit. Therefore, the antenna
sensors have great potential in the future structural
health monitoring. In past decades, some antenna-
based sensors came into being to avoid the defects of
traditional sensors.'” ' The sensing principle of the
antenna-based sensor is that the change in monitored
physical parameters will lead to the change in electro-
magnetic parameters of the antenna.’® Using the
antenna itself as the sensor to detect variations in phys-
ical parameters, antenna-based sensors offer the bene-
fits of passive and wireless sensing. Furthermore, since
the electromagnetic waves of the antenna sensor can
penetrate some coverings, the antenna sensor can be
used in some embedded or covered situations, making
it highly suitable for structural health monitoring. A
lot of antenna-based sensors have been developed. For
example, Xu and Huang®' proposed a battery-less and
wireless patch antenna sensor for strain sensing;
Sanders et al.**> proposed a microstrip patch antenna
for temperature sensing; Zhou et al.®> proposed an
antenna sensor for concrete humidity monitoring; Xue
et al.** proposed a patch antenna-based bolt loosening
sensor; Yi et al.>>?® proposed a patch antenna sensor
for cement hydration setting time detection; and so on.

In terms of structural crack sensing, some antenna-
based crack sensors have developed rapidly in recent
years.”” Yi et al.>®?® proposed a patch antenna for
crack sensing, and simulations and experimental tests
are conducted to demonstrate that the sensor can detect
the small crack on the structure surface. However, the
proposed crack sensor based on monolithic patch

antenna need to be attached to the structure’s surface
and stressed, leading to potential issues such as incom-
plete strain transfer and insufficient bonding strength.*®
This problem greatly limits the monolithic patch
antenna-based crack sensor use in practice. In this
regard, Xue et al.>' 3 proposed an unstressed patch
antenna sensor to avoid the problem of incomplete
strain transfer ratio, which can detect the cracks or
structural deformation by the relative movement
between two antenna components, making the mea-
surements of structural deformation and crack width
more accurate. However, these crack sensors only focus
on crack sensing while disregarding the effects of envi-
ronmental temperature. In actual engineering, the envi-
ronmental temperature is not constant; thus, the
temperature fluctuation will generate inaccurate mea-
surements. To improve the sensing performance of
antenna-based crack sensors under variable tempera-
tures, the temperature effects on antenna should be
investigated, and additional temperature sensors are
needed to measure the environmental temperature for
the compensation of the monitored parameters.>*>’
Since the additional temperature sensors will bring a
lot of trouble in practice, to avoid the additional tem-
perature compensation sensors, some scholars have
studied the environmental temperature effect on
antenna and proposed some methods to eliminate the
influence of temperature. For example, Li et al. pro-
posed a thermally stable patch antenna sensor for
strain and crack sensing. The use of the thermally sta-
ble substrate can avoid the influence of temperature on
antenna sensors since the relative dielectric constant of
the thermally stable substrate does not change signifi-
cantly in the case of temperature fluctuation. However,
the thermally stable substrate is usually more expen-
sive.>* Besides, the temperature itself is also a para-
meter that should be monitored in structural health
monitoring. Tchafa and Huang®® proposed a patch
antenna sensor which can simultaneously measure the
environmental temperature and the dielectric constant
of the medium above the sensor. This multiple physical
variable monitoring sensor enabled dielectric constant
and temperature sensing by a single antenna sensor,
eliminating the need for additional temperature sen-
sors. Li et al.> proposed a dual-resonant patch antenna
to detect the crack width and temperature changes,
which is the preliminary work of this article. The
antenna sensor has been proved to be feasible in
laboratory environment. However, the temperature
compensation mechanism of the antenna sensor and
the sensing performance test in actual building and
continuous monitoring of the temperature and crack
width still need further study. Tchafa and Huang* also
decouple the effect of temperature and strain on
antenna and proposed a sensor capable of



Li et al.

a2 . The underlying patch
The transverse direction

The sub-patch

The longitudinal direction

The microstrip line

The feeding point

e direction

transyers

The

The longitudinal direction

Figure I. The patch antenna sensor for environmental temperature and structural crack sensing.

simultaneously detecting strain and temperature.
However, this sensor is still based on the monolithic
antenna and cannot avoid the problem of incomplete
strain transfer ratio when used for crack sensing.

In this article, we developed a passive patch antenna
sensor for simultaneous crack and temperature sensing,
and a series of experimental tests are conducted to
demonstrate its actual performance. The proposed pas-
sive patch antenna sensor comprises an off-center fed
underlying patch and a sub-patch that overlaps it. The
underlying patch is fixed, the sub-patch is attached to
the it and moves as the crack width changes. The off-
center feeding can activate the integrated patch
antenna resonant modes in both transverse and longi-
tudinal directions, and the resonant frequency shifts in
two directions are used for environmental temperature
sensing and structural crack sensing, respectively.
Theoretical analysis is conducted to study the relation-
ships between the antenna resonant frequencies, the
environmental temperature, and the crack width. The
temperature compensation mechanism and the rela-
tionship between the off-center fed distance and two
resonant modes of the antenna are also studied. To
further demonstrate the effectiveness and feasibility of
the proposed sensor, some experimental tests were con-
ducted. The patch antenna sensor was fabricated and
installed on the concrete components, and several days
of continuous monitoring obtained a series of measure-
ments under different environmental temperatures.
The experimental results show that the sensor can
accurately measure the environmental temperature and
structural crack width changes. Furthermore, the pro-
posed patch antenna sensor was also installed in an
actual building and tested the performance, which is a
meaningful test for the actual use of the patch antenna
sensor.

The rest of the article is organized as follows. First,
the methodology and theoretical analysis of the pro-
posed patch antenna sensor are introduced. Then,
simulations of the patch antenna are conducted in
high-frequency structure simulator (HFSS) and the

optimal off-center fed distance of the antenna is stud-
ied. In the experimental study section, the experimental
design and the results of the patch antenna sensor for
environmental temperature and structural crack sen-
sing are presented, as well as the measurements in an
actual structure. Finally, the conclusion and further
research potential of the proposed antenna sensor are
discussed.

Methodology and theoretical analysis

Concept of the patch antenna sensor and
temperature compensation method

The patch antenna sensor for environmental tempera-
ture and structural crack sensing is depicted in Figure 1.
The underlying patch is off-center fed and partially over-
lapped by a sub-patch. They are tightly attached to
enable the electric current induced by interrogation elec-
tromagnetic waves flow throughout the integrated patch.
The antenna has dual-resonance capabilities due to
the off-center feeding of the patch antenna, which
activates resonant modes in both transverse and long-
itudinal directions, resulting in two fundamental reso-
nant frequencies. The transverse fundamental resonant
frequency of the patch antenna is only influenced by
changes in environmental temperature. However, the
longitudinal resonant frequency of the patch antenna is
influenced by both the environmental temperature and
the overlapped length of the sub-patch.

The patch antenna sensor is installed on the surface
of the structure, as depicted in Figure 2. A connecting
rod links the sub-patch to the fixed plate, with the
underlying patch being fastened to one side of the
crack and the fixed plate being fixed to the opposite
side. Any changes in the crack width will result in rela-
tive movement between the underlying patch and the
overlapping sub-patch. The sensing of the structural
crack width can be accomplished by measuring the
relative movement between the two patches. The rela-
tive movement between the two patches will lead to the
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Figure 2. The installation diagram of the patch antenna sensor.

longitudinal length variation of the integrated patch,
which will affect the longitudinal resonant frequency of
the antenna. Thus, the shift in longitudinal resonant
frequency of the antenna can be utilized to measure
changes in structural crack, while the shift in transverse
resonant frequency is utilized for environmental tem-
perature sensing.

Theoretical analysis of the patch antenna resonant
frequency

According to the cavity model theory, the integrated
patch of the antenna sensor can be treated as a reso-
nant cavity, and the fundamental resonant frequency

of the patch antenna in two directions can be deter-
mined as:

C o 2 C C o 2
0= 2 e | <L> AV YA (W)
C

2We/e

(1)

where fjyp represents the fundamental resonant fre-
quency when the patch antenna is resonant at the long-
itudinal direction and fy; represents the fundamental
resonant frequency at the transverse direction; ¢ is the
speed of light in a vacuum; ¢ is the relative dielectric
constant of the dielectric substrate; and L. and W, are
the longitudinal electric length and transverse electric
length, respectively.

Since the underlying patch and the overlapping sub-
patch are tightly attached forming an integrated radia-
tion patch, the electrical length L. can be calculated:

Le=L+Ls— Ly — AL, (2)

where L, is the radiation sheet length of the underlying
patch, L is the radiation sheet length of the sub-patch,
L, is the overlapped length between the two patches
radiation sheet. AL, is the overlapped length change of
the patch antenna, and it is equal to the change in the
crack width since the extension of structural crack will

lead to the relative movement between the two patches
of the antenna.

When the environment temperature changes AT, the
variation of temperature will have an impact on the
integrated radiation patch size of the patch antenna
and the relative dielectric constant of the dielectric sub-
strate, leading to changes in the two fundamental reso-
nant frequencies of the patch antenna sensor. These
temperature-related effects can be evaluated from two
perspectives: the thermal expansion of the patch
antenna and the fluctuations in the relative dielectric
constant of the dielectric substrate. The relevant equa-
tions are shown as follows:

Ag. = ke AT (3)
AL = ad,lATLrEd,lhd + 2acATLrEchc
r 2(Eq thg + 2Eche) @
ag, 1ATLSEd, 1/’ld + aCATLSEChC
2(Eq,1ha + Ech)
AWT _ ad,WATWeEd,th + ZaCATWeEC/’lC (5)

Ed,whd + 2Echc

where Ag. represents the relative dielectric constant var-
iation of the dielectric substrate due to the temperature
variation, and k is the thermal coefficient correspond-
ing to the dielectric substrate. ALy is the radiation
patch size variation in longitudinal direction caused by
thermal expansion, while AW7 is the size variation in
transverse direction caused by thermal expansion. They
are related to the material parameters of antenna
dielectric plate and radiation sheet, such as thermal
coefficients of the dielectric substrate in transverse
direction a4y and in longitudinal direction agqj, the
Young’s modulus of the dielectric substrate in trans-
verse direction Eq  and in longitudinal direction Ejq i,
the dielectric substrate’s height 4 and the copper radia-
tion sheet’s height /., the thermal expansion coefficient
of the copper radiation sheet a., and the Young’s mod-
ulus of the copper sheet E..

Based on Equations (1)—(5), when the environmental
temperature changes A7 and the crack width changes
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Table I. The critical dimensions of the patch antenna sensor.

Parameters W, (mm) L. (mm) Ls (mm) L, (mm) hg (mm) he (mm)
Dimensions 51 36 9.0 0.51 0.07

AL,, the antenna’s fundamental resonant frequencies
can be represented as:
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According to Equations (6) and (7), both environ-
mental temperature changes and crack width changes
can affect the longitudinal resonant frequency, whereas
only temperature affects the transverse direction reso-
nant frequency. Therefore, the environmental tempera-
ture can be determined by utilizing the resonant
frequency shift in the transverse direction, and the tem-
perature compensation for the longitudinal resonant
frequency can be calculated simultaneously.
Subsequently, the resonant frequency shift in the longi-
tudinal direction of the antenna can be used for the
crack width sensing. The sensitivities k; and k, are
defined as the temperature sensitivity in transverse and
longitudinal resonant frequencies, and k; is defined as
the crack sensitivity in longitudinal resonant frequency.
The corresponding equations are shown as follows:

o, _ i

h=3r k=3r K AL, (8)
A
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The calculated AL, according to Equation (10) is
the crack width change with temperature compensa-
tion. To illustrate the feasibility of the proposed
antenna sensor for structural crack and environmental
temperature sensing, the theoretical calculation and
analysis were carried out. The antenna sensor proposed
in this article uses Rogers RT/duroid 5880 laminate
with a relative dielectric constant of 2.2 as the dielectric
substrate of the patch antenna. The material of the
radiation sheet was chosen as copper. The fundamental
resonant frequencies of the patch antenna were
designed to be approximately 1.95 and 2.5 GHz in the

transverse and longitudinal directions, respectively.
According to the commonly used standard thickness of
the laminate substrate and the standard thickness of
the copper coating, the dielectric substrate’s height /g4
is determined as 0.51 mm, and the copper radiation
sheet’s height A, is determined as 0.07 mm. The
antenna size can be determined according to the rela-
tive dielectric constant of the dielectric substrate and
the Equations (1) and (2). Since the designed resonant
frequencies are 1.95 and 2.5 GHz in two directions of
the patch antenna, the size of patch antenna in trans-
verse direction W, and longitudinal direction L. are
calculated as 51 and 40 mm, respectively, based on
Equation (1). The radiation sheet length of the under-
lying patch L,, the radiation sheet length of the sub-
patch Lg, and the overlapped length between the two
sheets L, are determined based on Equation (2), since
the combined length of these two radiation sheets is
equal to the longitudinal length of antenna L.. The
critical dimensions of the patch antenna sensor are
shown in Table 1.

Based on Equations (1)—~(7), the relationship
between the environmental temperature variation, the
crack width changes, and the resonant frequencies in
two directions can be calculated. Figures 3 and 4 dis-
play the resonant frequency shift in transverse direction
and longitudinal direction caused by the temperature
change from 0°C to 50°C. The corresponding tempera-
ture sensitivities are 0.088 MHz/°C and 0.131 MHz/
°C, respectively. When the structural crack width
changes from 0 to 3 mm, the resonant frequency shift
in longitudinal direction is shown in Figure 5, and the
crack sensing sensitivity is 63.3 MHz/mm. The reso-
nant frequency shifts in two directions of the antenna
both show a good linear trend with the change in moni-
tored variable.

Optimal off-center fed distance

According to previous studies, when the antenna is fed
from the center of the transverse direction of the radia-
tion patch by microstrip line, only the longitudinal
resonant mode can be activated.'”*! In this regard, the
off-center feeding can solve this problem and activate
resonant modes in both transverse and longitudinal
directions. To further study the optimal off-center fed
distance of the proposed patch antenna sensor, the
antenna is modeled in HFSS and a series of
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in longitudinal direction.

simulations were conducted to study the off-center fed
distance and the resonant mode.

The off-center fed patch antenna was modeled in
HFSS, as shown in Figure 6. The dimensions and mate-
rials of the underlying patch and the sub-patch are
shown in the previous section. To accurately compute
the far-field radiation, the patch antenna was enclosed
within an air-box that was a quarter wavelength larger
than the antenna size. The patch antenna was excited
through a lumped port, and the sweep type was set as
interpolating with 4001 sweep points. The frequency
range for the sweep was set from 1 to 3 GHz.

According to the theory of antenna and trans-
mission line, the reflection loss curve S;; of the
patch antenna can be can be determined by
Equations (11)—(13):

7y, — Z
r=fL—%

S — 11
ZL+Z() ( )

2751

[

g o N

= o ~
T

Frequency(GHZ})

N
o
o
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Figure 5. The crack width variation and resonant frequency in
longitudinal direction.

Figure 6. The patch antenna modeled in HFSS.
HFSS: high-frequency structure simulator.

RL(dB) =10 * log (i—:) =10x*log (%)

2 (12)
=10 x log (ﬁ) = =20« (|I")

S11(dB)= — RL(dB) (13)
where I represents the reflection coefficient at the port
of the antenna, Z represents the port impedance of the
antenna, Z, represents the impedance of the transmis-
sion line, and the standard impedance of the
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Figure 7. The impedance curve and the S| | curve of the patch antenna (Ly = 0 mm).

transmission line is 50 Q. RL is the return loss coeffi-
cient of the antenna, which is related to the ratio of
incident voltage Vi, to reflected voltage V. at the
antenna port. Py, and P represent the incident power
and reflected power at the antenna port, respectively.
Thus, when the port impedance of the antenna is close
to 50 Q, the impedance matching is good, the ratio of
incident power to reflected power is large and the
return loss coefficient is large, the minimum value of
S curve is far away from 0 dB, and the resonant mode
is significantly excited. On the contrary, when the impe-
dance is not matched, the ratio of incident power to
reflected power is close to 1, the return loss coefficient
is very small, and the S;; curve is near 0 dB, which indi-
cates that the resonant mode is almost not excited.

Figure 7 shows the impedance curve and the reflec-
tion loss curve Sj; of the patch antenna when the
antenna is fed from the center of the transverse direc-
tion, that is, when Ly =0. It can be seen that the port
impedance of the antenna is much larger than 50 Q
around 1.95 GHz, so the transverse resonant mode of
the antenna cannot be excited. The S;; curve of the
patch antenna also shows that only the longitudinal
resonant mode was excited since there is only a reso-
nant peak around 2.5 GHz. The frequency which cor-
responds to the minimum points of the curve around
2.5 GHz is the resonant frequency of the patch antenna
in the longitudinal direction.

To activate the transverse resonant mode of the
patch antenna around 1.95 GHz, off-center feeding is
adopted. The key to activate the transverse resonant
mode of the antenna is to make the port impedance of
the antenna around 1.95 GHz match with 50 Q as
much as possible. Therefore, simulation study was con-
ducted to study the relationship between the off-center
fed distance Ly and the antenna port impedance Zj .
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Figure 8. The |Z, — 50 Q| value under different off-center fed
distance.

The off-center fed distance was set to vary from 0 to
24 mm in the simulation, and the increment was set as
0.5 mm. Figure 8 shows the |Zp — 50 Q| minimum
value around 1.95 GHz under different off-center fed
distance.

It can be seen that the |Z;, — 50 Q| value varies with
the oft-center fed distance. The |Z; — 50 Q| value first
decreases and then increases as the off-center fed dis-
tance increases from 0 to 24 mm. When the off-center
fed distance is 8.5 mm, the |Z;, — 50 Q| minimum value
around 1.95 GHz is close to zero, indicating that the
impedance match is good and the transverse resonant
mode of the antenna is well excited. Thus, the optimal
off-center fed distance of the proposed patch antenna
sensor is 8.5 mm. The corresponding impedance curve
and the reflection loss curve S;; of the patch antenna
when Ly = 8.5 mm are shown in Figure 9. The two
resonant peaks around 1.95 and 2.5 GHz also show
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Figure 9. The impedance curve and the S, curve of the patch antenna(Ly = 8.5 mm).
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Figure 10. The fabricated patch antenna sensor.

that the resonant mode in both transverse and longitu-
dinal directions are well excited.

Experimental study

The proposed patch antenna sensor dimensions and
the off-center fed distance have been determined by
theoretical analysis and simulations. In this section, the
chemical etching technique was utilized to fabricate the
patch antenna sensor, and a series of experiments tests
were conducted. Rogers RT/duroid 5880 (https://
www.rogerscorp.com) copper clad laminate was cut to
the desired size, and then the transmission line and
patch shapes were designed and printed onto the lami-
nate using a thermal transfer printer and toner. The
laminate coated with toner was then submerged in a
corrosive liquid to etch away the unwanted copper.
After the etching process, the toner layer covering the
patch was removed, the microstrip transmission line
was soldered with an subminiature A (SMA) connec-
tor. The fabricated patch antenna sensor is shown in
Figure 10, and the measured S;; curve of the patch
antenna sensor is shown in Figure 11. There are two reso-
nant peaks which corresponding to the resonant frequen-
cies in transverse and longitudinal directions, respectively.

2
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Figure I1. The S, curve of the fabricated patch antenna sensor.

To test the sensing performance of the proposed sen-
sor, a series of experimental tests were carried out.
First, the patch antenna sensor was installed on a sta-
tionary position in the room to monitor the environ-
mental temperature changes over a period of time
utilize the transverse resonant frequency shift. Figure 12
illustrates the experimental setup. The patch antenna
sensor was fixed by the fixture. The ground plane of the
antenna sensor was pasted on the fixture to maintain
the position of the underlying patch, and the sub-patch
of antenna sensor was clamped by a fixture. The fixture
allows the sub-patch of the antenna to move along the
longitudinal direction only when the sub-patch was
pushed by the connecting rod. Since there was no con-
nection rod to push the sub-patch to move in the tem-
perature sensing experiment, the presence of the fixture
can limit the relative movement between the sub-patch
and the underlying patch. Thus, we can focus on the
resonant frequency shift of the antenna sensor under
the condition of temperature change. The antenna
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Figure 13. The resonant frequency in the transverse direction
under different temperature.

sensor was housed within a plexiglass protective box to
prevent the interference from dust or other factors dur-
ing long-term monitoring. A thermometer was placed
close to the patch antenna sensor to record the environ-
mental temperature so as to compare with the patch
antenna sensor’s measurements. The patch antenna sen-
sor in the plexiglass box was connected to the Nano
VNA (Vector network analyzer) using a coaxial cable,
and the VNA can get the return loss curve S;; of the
antenna and then obtain the resonant frequency infor-
mation. In this experiment, the sweeping range of the
VNA was set as 1 to 3 GHz, and the number of the
sweep points were set as 5050 points.

Continuous monitoring was performed for several
days to demonstrate the sensing capability of the patch
antenna sensor for long-term environmental tempera-
ture monitoring. During the monitoring process, the
sunlight sometimes causes the environmental tempera-
ture around the antenna to change rapidly, which will
affect the accuracy of sensing. Therefore, when record-
ing experimental data, it is necessary to avoid sudden
sunlight exposure. To obtain accurate resonant fre-
quency values, the S;; curves of the patch antenna
were fitted using a quadratic function within the area

Figure 14. The resonant frequency in the longitudinal
direction under different temperature.

surrounding the local minimum point, and the mini-
mum points of the curve around 1.95 GHz is extracted
as the resonant frequency in transverse direction.
Figure 13 shows some experimental results, it can be
seen that the resonant frequency in the transverse
direction of the antenna exhibits a correlation with the
environmental temperature variation during the monitor-
ing period. The trend can be approximated by linear fit-
ting, and the temperature sensitivity is 0.143 MHz/°C.
Figure 14 shows the longitudinal resonant frequency shift
corresponding to different temperature. The longitudinal
resonant frequency also has a linear relationship with the
temperature change, and the sensitivity is 0.184 MHz/°C.
Therefore, when the longitudinal resonant frequency of
the antenna is used for crack width sensing, the error
caused by the temperature change can be compensated by
the temperature sensed by transverse resonant frequency
and the relationship between the temperature and longitu-
dinal resonant frequency.

To further demonstrate the environmental tempera-
ture sensing capabilities, the environmental tempera-
ture is recorded several times in a day, and the 24-h
environmental temperature changes sensed by the
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Figure 15. The 24-h environmental temperature monitoring
results.
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Figure 16. The top view of the experimental setup.

antenna sensor were used to compare with the mea-
surements of the thermometer. The scatter diagram in
Figure 15 is the transverse resonant frequency of the
patch antenna sensor while the red curve is the envi-
ronmental temperature recorded by the thermometer.
The comparison shows that the temperature curves
recorded by the two sensors have a good coincidence,
and the error range usually does not exceed 1°C. The
experimental results demonstrate that utilizing the
transverse resonant frequency shift of the patch
antenna for environmental temperature sensing is a
feasible method and can be applied to the continuous
temperature monitoring.

The patch antenna sensor was also installed on the
concrete components to verify the structural crack and
environmental temperature sensing capability, shown
in Figures 16 and 17. The two concrete components
are, respectively, connected to the fixed table through a
fixed connection and a moveable fine-tuning table. The
concrete components on the moveable table could be
pushed by the screw micrometer rod with a precision
of 0.01 mm; thus, the two concrete components can
move relative to simulate the width changes of struc-
tural cracks. When the movable concrete component
approached the other concrete component, the crack
width decreased. When the two concrete components
moved away from each other, the crack width between
the two components increased. The screw micrometer
rod can accurately measure the relative position change
between two concrete components, that is, the change
in structural crack width. An 80-time crack magnifying

The patch
antenna sensor

The connecting rod
The screw

The fixed table micrometer rod
The moveable

fine-tuning table

Figure 17. The side view of the experimental setup.

The patch
antenna sensor

v -
mr “— The plexiglass box

The thermometer

Figure 18. The experimental setup for structural crack and
environmental temperature sensing.

lens with scale was also used to assist in measuring the
change of crack width in the experiment, as shown in
Figure 16.

The underlying patch of the sensor was glued to the
fixed concrete component using a fixture, while the
sub-patch was fixed to the other moveable concrete
component by a connecting rod. The material used for
the connecting rod was selected as glass with a low
thermal coefficient of about 8 X 10~¢/°C. For the con-
necting rod with a length of 10 cm used in the experi-
ment, the length of the connecting rod will slightly
change under temperature changes, approximately
0.0008 mm/°C. Since the value is very small, the influ-
ence of thermal expansion of the connecting rod was
not considered in this experiment. The patch antenna
sensor was connected to the VNA through the coaxial
cable to obtain the resonant frequency of the patch
antenna sensor. The patch antenna sensor and concrete
components were housed in a plexiglass protective box,
shown in Figure 18. Two thermometers were placed
inside the box and record the environmental tempera-
ture variation. The average temperature of the two
thermometers is taken as the recorded environmental
temperature to reduce the test error.

The screw micrometer rod was used to push the
moveable concrete component with an increment of
0.02 mm and the crack width changed accordingly.
The experimental tests were conducted under three dif-
ferent environmental temperatures of 15, 20, and
25 °C. The patch antenna sensor’s longitudinal reso-
nant frequency varies with the crack width as shown in
Figure 19. It can be seen that the longitudinal resonant
frequency of the antenna has a linear correlation with
the crack width at a constant temperature, and the
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Figure 19. The experimental results under the crack width
and environmental temperature change.
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Figure 20. The longitudinal resonant frequency with
temperature compensation for crack sensing.

average sensitivity is 45.3 MHz/mm. The changes in
environmental temperature will also cause the shift in
longitudinal resonant frequency. When the environ-
mental temperature increases, the longitudinal

resonant frequency corresponding to the same crack
width increases correspondingly, and the temperature
sensitivity is 0.187 MHz/°C. Therefore, after the envi-
ronmental temperature is sensed by the transverse reso-
nant frequency shift, the influence of the temperature
variation on the longitudinal resonant frequency can
be calculated, thus realizing the temperature self-
compensation and structural crack sensing. The longi-
tudinal resonant frequency with temperature compen-
sation for crack sensing is shown in Figure 20.

To verify the feasibility of the proposed patch
antenna sensor for structural crack and environmental
temperature sensing in practice, the sensor was installed
in an actual building to test its performance. The South
building of Huadong Hospital is a famous historic
building in China, and the building was uplifted to cor-
rect the subsidence caused by long-term use in 2021.%'
The uplifting process of the building occurred from
August 26 to September 04. In the uplifting and reno-
vation project, the patch antenna sensor developed by
the authors was installed and used to monitor the struc-
tural cracks and environmental temperature. The
experimental test achieved good results.

The South building of Huadong Hospital under
renovation is shown in Figure 21. Some structural
cracks appeared in this old building after its long-term
use, such as the cracks on the wall and roof. During
the uplifting process, the uneven vertical displacement
of the building sometimes leads to a change in crack
width. Therefore, the patch antenna sensors were
installed near two structural cracks on the wall and
roof, respectively, to measure the change in crack
width as well as the environmental temperature, as
shown in Figure 22. The conventional structural crack
sensor (Figure 18) and thermometer were also installed
on the crack to monitor the change in crack width and
environmental temperature to compare with the results
measured by the patch antenna sensor.

The south building of Huadong Hospital

The patch antenna sensor

Conventional structural crack sensor

Figure 21. The building renovation project and the installed patch antenna sensor.
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Figure 22. The installation diagram of the patch antenna
sensor.
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Figure 23. The temperature measurements comparison.

The patch antenna sensor utilizes the resonant fre-
quency shift in the transverse direction for environ-
mental temperature sensing. First, the initial transverse
resonant frequency of the antenna sensor and the envi-
ronmental temperature should be measured after
installation, and then the environmental temperature
variation can be calculated according to the shift of the
transverse resonant frequency and the temperature sen-
sitivity of the patch antenna sensor. The comparison of
the sensed temperature between the patch antenna sen-
sor and the thermometer is shown in Figure 23. The
average error of environmental temperature measure-
ment with the patch antenna sensor is 1.12°C. This is
mainly due to the interference of the actual engineering
environment. The patch antenna sensor is highly sensi-
tive, meaning that even a minor shift in its transverse
resonant frequency can indicate a significant variation
in environmental temperature. However, due to exter-
nal factors such as site construction and dust, the
transverse resonant frequency of the patch antenna
sensor has been slightly interfered, which affects the
temperature sensing accuracy of the patch antenna sen-
sor. Therefore, when the patch antenna sensor is used
in practical engineering, it needs to be properly
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Figure 24. The crack width measurements with and without
temperature compensation.

packaged and protected to avoid the interference of
dust and other factors.

The measurement principle of the crack sensors is to
fix the sensor on both sides of the crack and measure
the crack width change. Thus, the initial crack width
when the sensor installed was assumed to be zero.
Figure 24 shows the measurements of the structural
crack on the wall. The blue line is the measured value
by conventional wired crack sensor, which serves as
the reference value of the crack width. The crack width
values measured directly by the antenna longitudinal
resonance frequency shift are shown by the red scatters
in Figure 24. After temperature compensation, the
average error of sensed crack width is obviously
reduced from 0.041 to 0.025 mm. The crack width val-
ues sensed by the patch antenna after temperature
compensation are shown by the blue scatters in Figure
24. The temperature compensated patch antenna sen-
sor measurements show good consistency with the ref-
erence values. From the measurements of crack width
change, it can be seen that the structural crack width
suddenly increased on August 30, and the width of the
crack decreased in the subsequent measurement. This
is due to the uneven uplifting of the building on
August 30, which led to the expansion of cracks. The
uneven uplifting was gradually corrected in the subse-
quent uplifting process, and the crack width also
decreased correspondingly. The crack width measure-
ment results were in good agreement with the actual
situation of the building.

Conclusions

This article introduced a passive patch antenna sensor
and conducted a series of experiments to test its
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performance in environmental temperature and struc-
tural crack sensing. The patch antenna sensor is off-
center fed and dual resonant; thus, the environmental
temperature and structural crack can be detected by
the patch antenna’s resonant frequency shifts in two
different directions, respectively. The relationships
between the antenna resonant frequencies and the
sensed variables were conducted, as well as the simula-
tion study of the optimal off-center fed distance of the
proposed patch antenna sensor. A series of experimen-
tal tests were conducted, and experimental results
demonstrated the feasibility of the proposed antenna
sensor. Furthermore, to test the actual performance of
the patch antenna sensor, the sensor was used in an
actual structural monitoring project. Although the
accuracy of measurements on actual buildings still
needs to be improved, it is a meaningful test for the
actual use of the proposed patch antenna sensor. In
future work, significant concerns such as the effective
wireless interrogation technique, strategies to overcome
interference caused by environmental electromagnetic
waves, as well as the approaches to increase wireless
interrogation distance of the antenna sensor still need
to be further investigated to improve the applicability
of the proposed sensor.
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