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Abstract: The microstrip patch antenna sensor is a novel sensor used for structural health
monitoring which can measure metal structure’s crack defects in a wireless manner. However, it is
difficult to identify the reflected signal from the signal of antenna sensor. The radio-frequency
identification (RFID) antenna sensor, which combines RFID technology and the microstrip patch
antenna sensor, can solve the measurement problems that are difficult to the conventional wireless
testing technologies. In this study, a dual-chip RFID antenna sensor was designed. The influence of
the wireless testing method on the monitoring results of crack defects was investigated by tests,
including the wireless tests of resonant frequency and the crack sensitivity tests. The tests results
revealed that the antenna sensor had good wireless testing performance with regard to the metal
structure’s crack defects. And the maximum of wireless identification distance reached 1.96 m.
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1. Introduction

Fatigue failure caused mainly by cracks can cause significant casualties and property damage,
which makes structural health monitoring (SHM) an indispensable safety measurement for ensuring
the safe and reliable operation of large structures [1].

The patch antenna sensor is a novel sensor used for SHM which can measure the strain and crack
of metal structures wirelessly and passively [2]. Deshmukn and Huang first applied patch antennas
to the identification of fatigue cracks in metal structures [3]. Subsequently, Yi, Liu and Ke et al. [4-6]
also investigated the crack test results of patch antennas, but the wired connection was mainly used.

When the signal of the patch antenna sensor is read wirelessly, the sensor reflection signal is not
easily identified. Therefore, it is critical to eliminate the interference of the surrounding clutter signal.
Yi, Huang and Yao et al. proposed the wireless testing method based on the frequency doubling
principle [7], the switching circuit [8], the double horn antenna [9], the impedance switch circuit
controlled by an oscillator [10] and the delay function of the microstrip line [11], respectively.
However, all the antenna sensors above are externally connected to the modulation circuit, and the
sensor structure and test system are relatively complex.

The RFID technology processes the reflected signal through the load modulation of the chip,
which is advantageous in eliminating the interference of the background reflection signal [12]. Zhang
et al. designed an RFID antenna sensor to investigate the influence of crack depth on the activation
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threshold of the sensor. The stability of the wireless test result was good and the resonant frequency
of the sensor decreases linearly with the crack depth’s increase [13]. However, to date, domestic and
overseas studies on RFID antenna sensors have been scarce and this novel sensor is still in the
exploratory and feasibility investigation stage. Thus far, crack identification has not been carried out
with dual-band dual-chip RFID antenna sensors.

Therefore, combining the RFID technology and the patch antenna sensor, a dual-chip RFID
antenna sensor is designed in this study. The resonant response of the sensor to cracks is analyzed
using the High Frequency Structure Simulator (HFSS) software. Moreover, the crack test sensitivity
experiment and the frequency response measurement of cracks under different emission powers are
conducted in a wireless manner. Additionally, the wireless test results for cracks and the variation of
crack test sensitivity are investigated.

2. Materials and Methods

2.1. Principle of Crack Identification

The crack identification principle of the RFID antenna sensor is mainly based on the meandering
technique. As shown in Figure 1, when a crack appears on the upper surface of the ground plate, the
current path bypasses along the edge of the crack, which causes the current path length to increase
and thereby reduces the resonant frequency of the sensor.

radiation patch current

path

f o crack
f 01
M S
crack

current / radiafion

path TMo patch TMo
substrate substrate
(a) (b)

Figure 1. Path bypassing of the surface current of the (a) TM1o resonant mode and (b) TMo resonant

mode.

As shown in Figure 1a, when the crack length is perpendicular to the patch length, the current
path length of the TMio resonant mode will amplify. If the elongation of the current path is AL, the
resonant frequency fio of the RFID antenna sensor is expressed as follows.
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Moreover, the crack is parallel to the current path of the TMo: resonant mode and the crack width
is too small to influence the current path of the TMo: resonant mode, the resonant frequency for does
not substantially vary. Similar to the longitudinal crack, the transverse crack in Figure 1b causes the
frequency fo of the TMo1 mode to decrease and has small influence on the frequency fio.

2.2. Simulations of Crack Identification

The design frequency for and fio of antenna sensor are equal, therefore, the two T-type matching
structures are equal in size. The solution frequency is set to the design frequency 925 MHz in HFSS.
The solution method is “fast” and the sweeping range is 800-1000 MHz (A = 0.01 MHz). The modes
TMor and TMio are symmetrical, the simulation results are presented below using the TM1 mode.

The influence of artificial machining cracks and actual cracks on the experimental are equal [6],
therefore, a penetrating slot with a width of 0.5 mm is introduced to simulate the crack (seeing Figure
1a). The slot extends from the center of the patch to the other patch edge in steps of 4 mm.
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2.3. Experiments of Crack Identification

The designing process of the RFID antenna sensor is as follows: First, the length and other size
parameters of the patch are calculated; Then, the impedance distribution theory of the T-structure
[14] is used to approximately calculate the dimensions of the T-type matching structure; Finally, the
optimized design function of the HFSS is used to calculate the optimal size parameters of the antenna
sensor. Figure 2 reveals the structure of the RFID antenna sensor. The design parameters of the RFID
antenna sensor are listed in Table 1.

7
-t
N1
AL
L
Lg /B
(@ (b)

Figure 2. Structure of the RFID antenna sensor. (a) Theoretical diagram. (b) Physical diagram.

Table 1. Design parameters of the RFID antenna sensor.

Parameter Meaning Value
L radiation patch length 71 mm

W radiation patch width 71 mm

a length of microstrip long line 20 mm

b width of microstrip short line 3 mm

Lg length of ground plate and substrate 96 mm

Wy width of ground plate and substrate 96 mm

t width of microstrip feed 3 mm

An aluminum plate made of 6061 aluminum with dimensions of 500 x 300 x 2 mm is used as the
ground plate. The substrate is made of FR4 laminate with a thickness of 1 mm. As shown in Figure 3,
five through cracks Crack1 - Crack5 respectively corresponding to the crack length of 4 mm, 8 mm,
12 mm, 16 mm, and 20 mm are processed by laser. The crack width is 0.5 mm. The crack length is
parallel to the width of the aluminum plate and the symmetry center lines of the adjacent cracks
coincide.

Crack4 Y
16 mm 20 mm

Figure 3. Simulated crack propagation.

The wireless test platform of RFID antenna sensor is shown in Figure 4. The constant distance
variable power method and the constant power variable distance method [15] can both be used in
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this experiment. However, the constant power variable distance method is used for which the method
is simple in operation and low in requirements for test equipment.
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Figure 4. Wireless test system. (a) Schematic for wireless interrogation. (b) Actual setup.
3. Results

3.1. Results of Simulations

As shown in Figure 5a and 5b, when the crack length increases, the real part and the imaginary
part of characteristic impedance decrease, the variation of them magnifies and the peak value of the
impedance curve gradually declines. As shown in Figure 5c, the curve of the antenna sensor
gradually moves toward the low frequency and the amplitude of variation gradually increases with
the increasing crack length. The return loss value corresponding to the resonant frequency decreases
as the crack length intensifies. The simulation results reveal that the identification distance of the

antenna sensor may decrease as the crack propagates.
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Figure 5. Characteristic curve. (a) Real part of antenna impedance. (b) Imaginary part of antenna
impedance. (c) S parameter. (d) “Resonant length variation — crack length” curve.

The curve of “resonant length variation AL- crack length s” is plotted in Figure 5d. As the crack
length amplifies, the resonant length Lio magnifies in a parabola manner, and the siding trend
becomes faster. The crack test sensitivity (resonant length elongation AL per 1 mm crack) of 4 mm
crack length is 0.03. Moreover, the sensitivity of 24 mm length reaches 0.38. In a word, when the
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characteristic parameters of the antenna sensor (such as the resonant length) change with the crack
elongation in an increasingly rapid manner, it is beneficial for the sensor to identify long crack.

3.2. Results of Experiments

To investigate the wireless reading influence of the resonant frequency, the antenna sensor is
attached to the crack-free region of the aluminum plate. The test is divided into four groups with
transmission power of 20, 23, 25 and 27 dBm. As shown in Figure 6a, when the transmission power
of the reader amplifies, the readable distance of the sensor magnifies at the same frequency. When
the power intensifies to the limit, the reader’s readable distance also reaches the maximum value.
When the transmission power of the reader increases to 27 dBm, the maximum identifiable distance
of the sensor is 1.96 m.

——-27dBm

©%%0 4 im-TM10
& ——25dBm 9013666 4 A Sim-
=~ 1.6 { = 23dBm p@@’ 3 =4 exp-20dBm-TM10
2 20dBm. _°° 3 | —%—exp-27dBm-TM10
S124 6%0° s £2 | exp-20dBm-TMO01
:'g ;e{ee 2b il =2 A o
) ottt ~ 1 A
E 08 geo” At ,,/
Fg i*‘éi; 1 A 4;,}’/"‘::
e 04 0 :‘-f‘-——ér“ T T T 1
917 919 921 923 925 927 0 4 8 Iz 16 20
frequency f/MHz crack length s/mm
(a) (b)

Figure 6. Relationship curve. (a) “Reading distance - frequency”. (b) “Resonant length variation —
crack length”.

As shown in Figure 6b, when the transmission power is 20 dBm and 27 dBm, the relationship
between the crack length and the resonant length in TMio mode are, respectively, AL;, = 1.12 X
107%s% — 7.48 X 10725 + 0.1024, R* = 0.997 and AL;, = 1.21 X 1072s? — 8.61 x 107%s + 7.25 X
1072,R? = 0.9917. When the transmission power is 20 dBm, the resonant length of the TMo: mode is
ALy; = 1.1 X 107%s? — 2,92 X 107%s + 1.86 x 1072, R? = 0.9954. This indicates that there is a good
parabolic relationship between the crack length and the resonant length, which is in good agreement
with the simulation results.

Table 2. Crack test sensitivity.

Crack Length (mm) Resonant Length Shift (mm) Tested Sensitivity
4 0.14 0.07
8 0.56 0.15
12 1.22 0.23
16 2.61 0.31
20 3.77 0.39

Considering the test data of 20 dBm and the TMio resonant mode as an example, when the crack
is in the initial stage of propagation, the resonant length increases slowly with the crack propagation.
When the crack length intensifies, the amplitude of resonant length varies. The sensitivity amplifies
throughout the crack propagation process, which indicates that the antenna sensor is more sensitive
to long cracks. When the crack length is 8 mm, the sensitivity is 0.15. And when the crack length
propagates to 20 mm, the sensitivity is 0.39, which marks 2.6 times increase.

4. Conclusions
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When there is no crack in the ground plate, certain differences exist amongst the measurement
results of the resonant frequency of the antenna sensor under different transmission powers.
However, the resonant frequency value is essentially kept within a small fluctuation range, and
the accuracy of the test results can be ensured by average multiple measurements.

In the crack identification experiment, when the transmission power of the RFID reader changes,
there is a slight difference in the amount of the resonant length change corresponding to the
same crack length. However, this difference has no influence on the identification of crack
defects. When the transmission power of the reader is constant, the crack length of the ground
plate and the resonant length of the sensor maintain a good parabolic relationship.

The wireless test results reveal that the antenna sensor achieved good performance in wirelessly
identifying cracks on a metal structure; the wireless identification distance can reach 1.96 m.
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