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Abstract: The influence of the wavelength difference between the laser source and the phase-shifted fiber Bragg grating (PS-FBG) on the
intensity of the power demodulation system based on an adjustable laser source was studied experimentally, and the optimum of the output
laser wavelength was determined. Then, the research on time-frequency imaging damage identification based on smooth pseudo-Wigner-
Ville distribution was carried out. The Time of Flight of the acoustic wave signal was calculated and time compensation was made according
to the Wigner-Ville distribution and the Lamb wave dispersion curve. The ultrasonic waves before and after damage were measured with
spatially arranged PS-FBGs. The difference signals were processed in a window, and then the time-frequency energy of the normalized
difference signal was imaged to assess the damage detection and location. Although the mode and group velocity of ultrasound measured
by each fiber grating were different, the accurate location and identification of artificial damage in an aluminum alloy plate was realized by
using only three PS-FBGs and a smooth Wigner time-frequency imaging method.

Keywords: Phase shifted fiber Bragg grating (PS-FBG), time-frequency analysis, ultrasonic detection, smooth pseudo-Wigner-Ville

distribution, dispersion curve, damage imaging.

1. INTRODUCTION

Fiber Bragg Grating (FBG) has received extensive
attention to replace the traditional electric ultrasonic
transducer for ultrasonic wave measurement. Compared with
the traditional piezoelectric ceramics, FBG can perform the
high-sensitivity detection of broadband ultrasonic signals and
has the characteristics of anti-interference ability, multi
parameter distributed measurement, small size and light
weight, and can effectively improve the reliability and
efficiency of ultrasonic detection. Some researchers have
used ultrasonic FBG sensors to detect cracks in aluminum
alloy plates or defects such as delamination and deboning in
carbon fiber reinforced plastics [1]-[5]. It has been found that
the phase-shifted fiber Bragg grating (PS-FBG) has more
advantages than FBG in the measurement of low strain wave
with high-frequency because of its high wavelength
selectivity and reflectivity and extremely narrow linewidth
[6]. Wu et al. built an ultrasonic excitation and = PS-FBG
sensing system and analyzed the spatial distribution
sensitivity of = PS-FBG to ultrasonic waves [7]-[8]. Yu et al.

DOI: 10.2478/msr-2023-0014

[9]-[10] used the acoustic emission signal amplitude ratios of
the Sp and Ag modes and the peak frequency measured by the
PS-FBG sensor to detect transverse cracks and delamination
damage. Fink et al. used = PS-FBG to detect AE signals of
lead breaking [11]. Liu et al. analyzed the influence of PS-
FBG parameters on the sensitivity of ultrasonic wave
measurement [12]. Guo et al. developed a PS-FBG
wavelength tracking system for ultrasonic imaging of seismic
physical mode [13]. There are also many researches on the
PS-FBG high-frequency demodulation system for ultrasonic
waves and acoustic emission measurements [14]-[18].
However, the current research is mainly focused on the
theoretical research of the PS-FBG response characteristics to
ultrasonic waves and the stable high-speed PS-FBG
demodulation system. In the research, often only one fiber
grating has been used to measure the ultrasonic signal. Due
to the limited signal from a single fiber grating, it was often
impossible to obtain the specific location of the damage.
Although an increasing FBG arrangement can roughly locate
the damage using FBG axial sensitivity to ultrasonic waves,
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the spatial strain sensitivity difference and linear wavelength
demodulation range between PS-FBG and FBG, as well as
detection cost caused by increasing the number of gratings
should be considered in the PS-FBG network arrangement. In
addition, due to the limitations of current demodulation
technology, the original signal measured by PS-FBG is often
affected by temperature, quasi-static stress, etc., and there are
still some problems in the extraction of effective signal
features. Therefore, it is necessary to study the sensing
characteristics of PS-FBG network and the wavelength
demodulation range compared with FBG. The effective
analysis and processing methods of the distributed PS-FBG
signals and the damage identification strategy based on the
distributed data also need to be carried out.

First, a distribution network of FBG and PS-FBG sensors
for ultrasonic waves was designed. The response difference
between PS-FBG and FBG to ultrasonic waves and PS-FBG
best matching laser wavelength for signal demodulation
system were studied experimentally. The experiment showed
that PS-FBG has better ultrasonic induction intensity than
FBG, but with a small wavelength demodulation range due
to its narrow transmission spectrum. Therefore, careful
wavelength matching between PS-FBG and the tunable laser
should be performed. Then, how to obtain effective ultrasonic
packet signals from the measured signals of the PS-FBG
network was studied. The effective ultrasonic components
from the PS-FBG network measurement signals were
intercepted by a window function corresponding to the Lamb
wave dispersion curve and the signal time-of-flight (TOF)
calculated by the Wigner-Ville distribution time-frequency
analysis method. Finally, the ultrasonic signals before and
after damage were measured by spatially arranged PS-FBGs
during the damage location experiment. The difference
signals were time compensated and normalized based on the
time delay theory, and then the time-frequency energy of the
difference signal was imaged to identify the damage position
according to the energy distribution. Experiments showed
that the sensor network with only three PS-FBGs and the
location method can well realize the damage identification
and location in the 600 mm x 600 mm x 1 mm monitoring
area of an aluminum alloy plate. The PS-FBG distributed
layout structure, ultrasonic effective wave packet interception
method and damage imaging strategy proposed in this paper
provide a new idea for structural damage imaging and
location using only several distributed PS-FBGs.

2. COMPARATIVE EXPERIMENT OF FBG AND PS-FBG
RESPONSE TO ULTRASOUND

First, the response difference between PS-FBG and FBG
to acoustic emission signals was studied. The experimental
principle and device are shown in Fig. 1 and Fig. 2. The
wavelength demodulation system based on an adjustable laser
source (Yenista-TLS-AG-C) was used for both PS-FBG and
FBG signal measurement. In the experiment, the output
wavelength of the tunable laser was carefully set to intercept
the single side slope of the FBG reflection spectrum or the
PS-FBG narrow transmission spectrum. The change of the
corresponding light intensity was measured by the
photodetector with amplification gain (PAD-10CS-ES), and
then the center wavelength changes of the corresponding

FBG or PS-FBG can be measured. PS-FBG and FBG were
each pasted on the surface of a 600 mm x 600 mm x 1 mm
aluminum alloy plate, and the layout positions of the acoustic
emission excitation source, PS-FBGs and FBGs, are shown
in Fig. 3and Fig. 4. As shown in Fig. 3, the acoustic emission
excitation point was at point A (red circle), where a ®
200 mm x 0.5 mm piezoelectric ceramic sheet was pasted.
The voltage pulse signal generated by the signal generator
(RIGOL-DG1022) was amplified by the voltage amplifier
(PINTEK-HA-405) to excite the piezoelectric ceramic sheet
and generate an acoustic emission signal in the plate. FBG
and PS-FBG were arranged in parallel on the plate.

Oscilloscope

Signal generator

. Tunable laser
Voltage amplitude

amplifier

Ultrasonic probe

Fig. 1. Experimental principle of ultrasonic excitation PS-
FBG/FBG sensing detection.

Fig. 2. Photo of the experimental device.

In a wavelength demodulation system with a tunable laser,
the FBG length must be smaller than the ultrasonic
wavelength to avoid the influence of the ultrasonic strain non-
uniform micro-bending modulation on the FBG detection
results [19]-[20]. The PS-FBG has a much smaller effective
detection length than its own grating length due to the phase
shift at its center and has an extremely sharp resonance for
high sensitivity, and increasing the PS-FBG length can
increase its ultrasonic detection sensitivity in a tunable laser-
based demodulation system [21]. The lengths of the grating
area of FBGs and PS-FBGs were 3mm and 20 mm,
respectively, and there was a phase shift of 7 in the center of
the grating area of PS-FBG. Based on the estimation method
of PS-FBG effective detection length [22], the effective
grating length was represented by the full width at the half
maxima of the PS-FBG power distribution curve. Its value
was 4.6 mm, 3.8 mm, and 3.4 mm for the index modulation
depths of 6e-4, 7e-4, and 8e-4, respectively, as for the 20 mm
PS-FBG. For the experiment, PS-FBG and FBG should be
selected from the same manufacturer and batch, and their
performance parameters must be approximately the same.
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The ultrasonic wave used to excite the aluminum alloy plate
had a frequency-thickness product of 0.1 MHz mm and
1 MHz mm, and the wavelengths of the main ultrasonic mode
SO were separately about 54 mm and 5.1 mm according to the
dispersion characteristics of the Lamb wave and Fig. 15. The
3 mm FBG selected in the experiment can be used for the
0.1 MHz mm ultrasonic measurement because its grating
length is far smaller than the ultrasonic wavelength, and the
20 mm PS-FBG can be used for the 0.1 MHz mm and
1 MHz mm ultrasonic measurement because its effective
length is also smaller than the corresponding ultrasonic
wavelength.
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Fig. 3. Layout of FBGs and PS-FBGs.

G

Fig. 4. Physical layout of PS-FBG/FBGs and excitation point.

The signal output from the signal generator was a 5-cycle
sinusoidal signal with a frequency of 100 kHz and peak to
peak value of 5V. It was amplified about 80 times by the
voltage amplifier to excite the piezoelectric ceramic sheet and
generate an acoustic emission signal in the plate. The acoustic
emission signals at the position of the pasted FBGs/PS-FBGs
were obtained by the demodulation system in turn. To obtain

good signal strength, the laser output wavelength was set to
the position around the half value bandwidth of the reflection
spectrum and the middle slope position of the transmission
narrow band for FBG and PS-FBG, respectively. The initial
wavelengths of FBGs and PS-FBG and the corresponding
tunable laser source setting wavelengths during demodulation
are shown in Table 1.

Table 1. Parameters of each fiber grating.

Fiber Initial center ~ Tunable laser
grating wavelength setting wavelength
[nm] [nm]

FBG1 1550.082 1550.432
FBG2 1549.945 1550.246
FBG3 1549.865 1550.166
FBG4 1549.941 1550.250
PS-FBG1  1549.836 1549.855
PS-FBG2  1549.956 1549.978
PS-FBG3  1549.930 1549.954

At the same time, the signal generator produced a
synchronous signal for the trigger of the oscilloscope during
each measurement process to ensure the synchronization of
each fiber grating between the measurement signal and the
excitation signal. The measurement results of PS-FBG and
FBG are shown in Fig. 5. From Fig. 5, it can be seen that each
fiber grating measured the acoustic emission signal, with PS-
FBG2 having the highest signal intensity. The FFT
transformation of PS-FBG2 is shown in Fig. 6, and its main
frequency was 93 kHz, which is essentially the same as the
main frequency of the signal generator. The other signals also
had similar dominant frequencies.

0.14 4
PSFBG3
0.12 4 FBGl s (L

PSFBG1

0.10 4 FBG4 et A

| | |1 |
0.084 rpG3 ol ] | a

0.06 IRIRIRY | | |

FBG/PS-FBG signals/V

0.04 4 [ | (1 ||

v
0.02 | V

0.00

T T T
0.00008 0.00012 0.00016

Time/s

T T
0.00000 0.00004

Fig. 5. Response signals of FBG and PS-FBG to the piezoelectric
ceramic sheet.

According to Fig. 5, the peak-to-peak values of FBG and
PS-FBG signals can be read in Fig. 7. It can be seen from
Fig. 7 that the PS-FBG has a higher response intensity for the
same acoustic emission source compared to FBG, and the
closer FBG/PS-FBG was to the acoustic emission source, the
stronger the ultrasonic signal was. Therefore, PS-FBG is
more sensitive to ultrasonic signal measurement than FBG.
The PS-FBG arranged along the axis of ultrasonic conduction
had a higher signal strength. The closer to the ultrasonic
source, the stronger was the signal from PS-FBG.
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Then, the wavelength matching relationship between the
adjustable laser source and PS-FBG was studied in the
experiment. In the experiment, the demodulated signals of
PS-FBG2 were measured under the same piezoelectric
ceramic acoustic emission source by changing the output
wavelength of the adjustable laser. Fig. 8 shows the response
signals of PS-FBG2 under different wavelength differences
(the difference between the central wavelength of laser source
and the central wavelength of PS-FBG, and that was from
0.009 nm to 0.067 nm).
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Fig. 6. FFT transformation of PS-FBG2 signal.
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Fig. 7. Peak value and peak value of wave packet signal measured
by different fiber gratings.

It can be seen from Fig. 8 that the signal strength detected
by PS-FBG was different at different wavelength differences.
According to Fig. 8, the variation of signal peak value was
plotted with the wavelength difference in Fig. 9. As can be
seen from Fig. 9, the detection signal intensity of PS-FBG
showed two peaks with the increase of wavelength difference.
As shown in Fig. 10, the spectral characteristics of the ideal
PS-FBG are symmetrical with respect to its central
wavelength. The one-sided spectrum of PS-FBG has a
narrow-band transmission slope and a single-sided reflection
spectrum slope, with the optimal values of laser wavelength
on each slope. From Fig. 10, the maximum signal intensity

measured when the laser wavelength was set on the
transmission narrow-band slope (Section AB) was much
larger than that measured when set on the single-sided slope
of the reflection spectrum (Section CD). As with PS-FBG2 in
the experiment, the intensity of the acoustic emission signal
was greatest when the wavelength difference was
AL =0.017 nm, and the demodulation system has the highest
sensitivity.
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Fig. 8. Response of the same PS-FBG to acoustic emission signal at
different laser wavelengths.
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Fig. 9. Variation trend of response amplitude of PS-FB with laser
wavelength.

3. EXPERIMENT ON DAMAGE DETECTION AND IMAGING

The experiment on damage imaging of PS-FBG and
acoustic wave detection was conducted. The PS-FBGs shown
in Fig. 3 and Fig. 4 were still used, and the demodulation
method and experimental device were also the same as in the
previous experiment. Due to the good directivity of the angle
probe, it was used to excite the ultrasonic wave in the
aluminum alloy plate in the experiment. The ultrasonic probe
with 1 MHz x 30 ° was placed at point B (yellow circle, as
shown in Fig. 3 and Fig. 4) with a coupling device, and the
ultrasonic transceiver acquisition card was used to excite the
angle probe to generate ultrasonic waves. One of the multi-
channel signals from the signal acquisition card was used as
the trigger signal of the oscilloscope to ensure
synchronization between the fiber grating measurement
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signal and the excitation signal. A @ 40 mm x 81 mm
aluminum column was placed at the position of point C (white
circle, as shown in Fig. 3 and Fig. 4) to simulate the artificial
damage of the plate surface. To ensure the effective contact
between the aluminum column and the plate, a coin was
placed between them.

Output signal
amplitude range
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Reflectivity/%

Qutput signal
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Fig. 10. Reflection spectrum of an ideal PS-FBG.

The key to structure damage localization and imaging is to
determine the arrival time and TOF of the signals. Currently,
the threshold method, correlation coefficient, Hilbert
transform, and wavelet transform are mainly used to
determine the arrival time of guided waves [23]-[25].
However, due to noise interference and approximate energy
distribution, only a rough arrival time of the waves can be
determined using these methods. In addition, the time-
frequency analysis method is widely used in the analysis of
the guided wave dispersion mode, the estimation of wave
packet arrival time and the evaluation of the mechanical
damage degree [26]-[27]. The Wigner-Ville Distribution
(WVD) is a Fourier transform of the instantaneous correlation
function of the signal and can accurately locate the time-
frequency structure of the signal. The interference term can
be removed by the time-frequency analysis of the smooth
Wigner-Ville distribution (SPWV) method, and the SPWV of
the signal x (t) is as follows:

SPWV,(t, w) = ﬂ gu—tyh@x(t + %) x (- %) et dud

1)

where g (t) is a time window function; h(z) is a frequency
window function.

SPWYV method has more advantages in the evaluation of
guided wave TOF compared with the Hilbert envelope and
wavelet analysis [28]. Therefore, the SPWYV is used to obtain
the time-frequency characteristics and TOF of PS-FBG
signals. According to the energy distribution of time-
frequency analysis, we define the following function:

Qu(t)=SPWV(t,wc) (2)

where «c refers to the angular frequency value corresponding
to the maximum energy value in the SPWYV of the signal u(t).

Qu(t) reflects the time-domain energy distribution when the
angular frequency is equal to wc. Qu (t) is the filtering energy
of an extremely narrow passband around wc, which can
eliminate the background noise interference and distinguish
the main guided wave modes according to the energy
distribution in time.
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Fig. 11. PS-FBG raw signals.

PS-FBG1-no damage
PS-FBG1-with damage
PS-FBG2-no damage
124 PS-FBG2-with damage
PS-FBG3-no damage
PS-FBG3-with damage

PS-FBG signals/V

T T T T T T T T
=20 0 20 40 60 80 100 120 140

Time/us

Fig. 12. PS-FBG signals after preliminary processing.

The ultrasonic wave excited by an ultrasonic probe at point
B would reach the piezoelectric ceramic sheet at point A, and
then low-frequency ultrasonic waves would be excited by the
piezoelectric ceramic sheet due to the piezoelectric effect,
which would be transmitted back to PS-FBG, resulting in the
interference of the high-frequency ultrasound detected by PS-
FBGs with the low-frequency ultrasound. The measurement
signals from each PS-FBG before and after aluminum column
loading were recorded respectively, as shown in Fig. 11. To
remove the interference of the low-frequency piezoelectric
ceramic signal, the time window was processed to intercept
the high-frequency ultrasonic signal segment, and the quasi-
DC component was used to supplement the signal in the
measurement time. The processed signals are shown in
Fig. 12. It can be seen from Fig. 12 that the signal intensity
measured by the PS-FBGs varied with ultrasonic field
positions and damage condition, and for the same fiber
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grating, the signal amplitude with damage decreased to some
extent compared to that without damage. The signal without
damage measured by PS-FBG2 located on the acoustic axis
was the strongest. To synchronously compensate for the
probe delay and identify the guided wave mode, the signal
from PS-FBG2 without damage was analyzed using SPWV
and Wavelet Analysis. The PS-FBG2 original signal was
normalized according to its signal amplitude and then
transformed by the SPWV method, normalizing the energy
according to the maximum value. The results are shown in
Fig. 13. The signal of PS-FBG2 was processed by "cmor3-3"
wavelet packet transform and the result was normalized by
the maximum value of wavelet energy to obtain the time-
frequency image, as shown in Fig. 14. From Fig. 13 and
Fig. 14, it can be seen that the wave packet energy of PS-
FBG2 is mainly concentrated in the time domain (20 ps,
34 us) and frequency domain (0.5 MHz, 1.5 MHz). The
energy peaks obtained by SPWV and wavelet analysis
appeared at (0.82 MHz, 27.54 ps) and (0.83 MHz, 27.26 ps),
respectively. The two analysis methods had similar time-
frequency energy distributions, while the energy distribution
noise interference of the SPWV method was lower, and the
energy was more concentrated than in the Wavelet Analysis.
Therefore, the time-frequency value at maximum energy
obtained by the SPWV method was used for waveform time
registration to eliminate the time delay and position error of
the ultrasonic probe.

The ultrasonic wave is transmitted in the form of a Lamb
wave in a thin plate. Ultrasonic waves are divided into
symmetric modes and asymmetric modes. Each mode has a
different order and different Lamb wave modes satisfy the
following dispersion equation.

Symmetric modal dispersion equation:

tan(qh) _ _

4k2pq
tan(ph) - (3)

(a2

Asymmetric modal dispersion equation:

2_1242
tan(qh) - _ (q°-k*) (4)
tan(ph) 4k2pq

in which

2 2
pP=5—k ¢’ =5 -k (5)

cf of

C. and Cy are the velocity of the longitudinal wave and the
transverse wave, respectively; H is half thickness of the plate,
w is the angular frequency of the ultrasonic wave, and K is the
wave number. There is a relationship between the phase
velocity Cp and the wavelength A: Cp=wA/2n. The
parameters of the aluminum laminate used in the experiment
are shown in Table 2. Using the table data and Formulas (3),
(4) and (5), the calculated dispersion curve is shown in
Fig. 15.

wci and tg represent the angular frequency and arrival time
corresponding to the maximum energy value in the SPWV
signal of the ith PS-FBG without damage, respectively. From
the dispersion curve shown in Fig. 14, the group velocity Vg
and the ultrasonic mode of the ultrasonic wave with dominant

frequency wci can be obtained. Assuming that the distance
between the ultrasonic probe and the ith PS-FBG is Li, the
theoretical TOF of the dominant frequency ultrasonic wave is
toi = Li/Vegi, and then the compensation time for the overall
forward translation of the ith PS-FBG signal isAti = to; - ti.
Synchronous compensation was also performed for the
measurement signal of the ith PS-FBG when there was
artificial damage with the same compensation time At;. For
PS-FBG2, the arrival time and angular frequency of the main
frequency corresponding to the maximum energy value were
teo = 27.54 ps and we = 0.82 MHz, respectively. According
to the dispersion curve, this ultrasonic wave corresponds to
the So mode, and the theoretical group velocity of the wave
packet was Vg = 5211.56 m/s. The theoretical distance from
the ultrasonic probe to PS-FBG2 was L, = 100 mm, therefore
the theoretical time for the So mode to reach PS-FBG2 was
top = 19.188 ps. The compensation time of the whole PS-
FBG2 was At; = top - teo = 8.352 ps.
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Fig. 13. SPWV of PS-FBG2 without damage.
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Fig. 14. Wavelet Analysis of PS-FBG2 without damage.

After time compensation, the signals before and after
damage to PS-FBGs were subtracted and normalized on three
paths to obtain the difference signal.
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Table 2. Physical parameters of the aluminum alloy plate.

Parameter Elastic Modulus  Density  Poisson's
[GPa] [kg/m®] ratio
Value 69.3 2680 0.33

The signal is normalized by the following formula:

J— _ u;(t) ﬂ
ui(t) - max(u;i(t)) \/: (6)

where u; (t) is the signal measured by the ith PS-FBG, d;is the
distance from the ultrasonic source to the ith PS-FBG, and d
is the distance from the ultrasonic source to the reference
grating. In this paper, the second phase-shift grating PS-
FBG2 was used as the reference grating.
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Fig. 15. Dispersion curve of the aluminum alloy plate.
As shown in Fig. 16, the ultrasonic wave would be
scattered in the plate when it hits the damage. The position
information of the damage can be obtained by analyzing the

difference signals before and after the damage. The formula
for the differential signal is:

w (@) = w2 () — u (D) (7)

u; 1(t) and u;(t) are the signals measured by the ith PS-
FBG if there was a defect and no defect, respectively.
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The difference signal after normalization is given in
Fig. 17, and it can be used for spatial imaging of structural
damage, in which the time-frequency energy at point (X, y)
caused by the difference signal u; aiff (t) can be expressed
as:

187 (x,) = Q ®)

diff (Axy
()

Cgi is the group velocity of ultrasonic wave with dominant
frequency wei, and (x, y) is the coordinate of any point in the
plate, (Xo, Yo) is the coordinate of the ultrasonic excitation
point, (xi, yi) is the coordinate of the ith PS-FBG. dyy is the
sum of the distances from the point (X, y) to the excitation
point and the PS-FBG.

dey = /(X0 =)+ (o — ¥)? + /(i — 0)% + (v; — ¥)?

©)

By superimposing the time-frequency energy distribution
of the difference signals measured by all PS-FBGs, the
energy of all points on the plate can be calculated, and the
energy of each point can be imaged to realize the damage
identification.

16y) = X1 (x,9)

The imaging calculation process followed the steps shown
in Fig. 18, and the calculation results are shown in Fig. 19. In

(10)
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Fig. 19, the symbol circle represents the position of the
ultrasonic probe, the symbol "+" reflects the pasting position
of PS-FBG, and the symbol "*" marks the actual position of
the simulated defects. To better reflect the positional
relationship between the imaging results and the actual
artificial damage, only the positions with a time-frequency
energy greater than 1500 are shown in Fig. 19(b). It can be
seen from Fig. 19(b) that the two-dimensional imaging results
are in good agreement with the actual position of the damage.
Although the ultrasonic waves conducted in the plate had
many different modes and group velocities, and static noise
and boundary echo interference occurred, the damage of thin
plate can be accurately located with three PS-FBGs using the
SPWYV time-frequency imaging method. When the number of
PS-FBG is further increased, two-dimensional imaging can
better reflect the size of the artificial damage.

PS-FBG signals measurement
with no damage and damage

Signal windowing to remove
noise and reflected signals

Time compensation and
normalization of signals

SPWVD distribution of
normalized difference signals

Time frequency energy analysis
and imaging of each point

Fig. 18. Basic principles and steps of damage imaging.

4, CONCLUSION

This paper presents a time-frequency analysis algorithm
for mechanical structure damage location imaging using
ultrasonic signals measured by distributed PS-FBGs.
Experimental results showed that PS-FBG has better
ultrasonic sensitivity than FBG. The matching relationship
between the adjustable laser wavelength and PS-FBG
wavelength was studied experimentally, and the optimum
laser wavelength for PS-FBG high-speed signal
demodulation was determined. The Lamb wave arrival time
was extracted by the SPWV transform method, and then the
wave mode and velocity of the Lamb wave in the aluminum
alloy plate were determined based on the dispersion curve.
Finally, the ultrasonic signals in the aluminum alloy plate
before and after damage were measured by PS-FBGs
arranged in space, and the difference signals were normalized
and compensated based on the time delay. The main
frequency of the SPWV transform results of differential
signals were two-dimensionally energy imaged, and the
damage location was evaluated based on energy. This time-

frequency imaging method can effectively remove the
interference of other low-frequency signals, and make full use
of the sensor network composed of multiple PS-FBGs to
realize the identification and location of mechanical structural
damage. The method is simple and economical, and shows
great potential for expanding the ultrasonic excitation — PS-
FBG sensor technology in the field of structural damage
location.
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Fig. 19. Damage imaging diagram in plate (the circle represents the
location and size of simulated damage).
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