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In this paper, we address the challenge of detecting bottom cracks in railway tracks by
proposing a signal enhancement technique designed to boost the signal-to-noise ratio of guided
wave signals, thereby optimizing sensor performance. Utilizing Barker codes and binary phase
shift keying technology, we modulated the original excitation signal to achieve spread spectrum
processing and the subsequent despreading of received signals. This approach aims to overcome
hardware and sensor limitations, enhancing the operational efficiency of the sensors used in
ultrasonic guided wave detection systems. An experimental platform was established to test this
technique on railway tracks with artificial bottom cracks of varying sizes. The results showed
that the enhanced signals can travel further and detect cracks with a higher sensitivity than the
original signals. This not only validates the effectiveness of our method in improving sensor
capabilities but also supports the application of ultrasonic guided wave detection for bottom
cracks in railway tracks.

1. Introduction

The safety of railway tracks is crucial to the railway transportation industry, as it not only
concerns the safety of people’s lives and property but also plays a key role in promoting
economic growth, fostering technological innovation, and enhancing the national image.() Rail
cracks usually originate from the surface or internal defects of the rail head and then gradually
spread towards the rail waist, as shown in Fig. 1.2-3 Once the crack develops to a certain extent,
the track may break, which not only causes economic losses but may also lead to train derailment
and significant casualties.*>)
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Fig. 1. (Color online) Actual cases of rail damage: (a) rail bottom rust, (b) lateral crack, and (c) broken rail.

Current rail inspection primarily relies on large-scale rail flaw detection vehicles, which,
while effective, have certain limitations. Owing to the periodic nature of these inspections, the
continuous monitoring of rail conditions cannot be achieved, potentially missing damage that
occurs between inspection intervals.®) Moreover, these vehicles cannot technically inspect the
rail bottom for damage, making it difficult to effectively identify cracks and corrosion in this
area.(7) Therefore, there is an urgent need to develop a new monitoring technology capable of the
real-time monitoring of key areas prone to rail corrosion and crack initiation and the timely
detection of potential damage to ensure the safety and reliability of railway transportation.

In response to these issues, scholars have employed ultrasonic guided wave detection
technology for the real-time monitoring of rail breaks,® achieving promising experimental
results. However, in practical applications, guided wave signals are inevitably subjected to
various noise interferences, reducing the signal-to-noise ratio (SNR) and hindering the
identification of rail bottom cracks. Thus, signal processing related to guided waves in rails is
necessary.®)

Spread spectrum technology, known for its strong anti-interference capabilities, was initially
widely used in radar fields. Zhao and Cui('” analyzed the anti-jamming mechanism of direct-
sequence spread spectrum (DSSS) systems, laying the theoretical foundation for the analysis of
DSSS’s anti-jamming performance. Yao!) defined two metrics for ultrasonic spread spectrum
applications—energy efficiency and echo sequence correlation—and compared the parameter
configurations of three modulation methods: binary phase shift keying (BPSK), binary
frequency shift keying (BFSK), and binary amplitude shift keying (BASK). Widodo et al.(1?)
applied spread spectrum technology to the field of acoustic positioning to address outdoor
mechanical positioning, reducing the impact of wind speed and machine noise on interference,
proving that spread spectrum technology can ensure reliable signal transmission.

In recent years, the application of spread spectrum technology in the field of ultrasonic
guided wave detection has continued to deepen. Yao et al(1® investigated the optimization of
Kasami sequences for coded excitation in guided ultrasonic wave testing for long rails,
demonstrating their potential to enhance the SNR. Nenashev et al.(¥) subsequently introduced
modified nested Barker codes, highlighting their superior cross-correlation properties compared
with Kasami sequences in applications involving ultra-wideband signals. Furthermore, Wang et
al. 1 successfully integrated Kasami sequences with distributed optical fiber sensing (DOFS),
enabling long-distance crack monitoring and validating their capability for dispersion resistance.
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On the basis of the pulse compression method from communication principles, the excited
signal is encoded with multiple chips instead of a single or short pulse signal. This method does
not require an increase in the excitation voltage of the signal but improves the average excitation
power by increasing the signal excitation time. Then, through related decoding methods, the
energy of the excited signal is recompressed into a short pulse signal, ensuring that this method
does not affect the resolution of signal crack identification and can significantly improve the
system’s SNR.(10)

In this study, we applied BPSK technology to the detection of rail bottom cracks using
ultrasonic guided waves, leveraging the anti-interference capability of spread spectrum
technology to enhance the SNR, thereby improving the detection sensitivity of ultrasonic guided
waves to rail bottom cracks.

2. Methods
2.1 Signal spread spectrum and despreading

The main spread spectrum techniques include DSSS, frequency hopping spread spectrum
(FHSS), and time hopping spread spectrum (THSS). DSSS technology expands the signal
bandwidth by combining the original signal with a high-rate pseudo-random sequence code.
This method increases the signal bandwidth by multiplying it with a pseudo-random sequence
code. FHSS technology selects different frequency bands through a pseudo-random code,
causing the carrier frequency to hop according to the changes in the pseudo-random sequence,
thus expanding the signal spectrum. THSS is similar to frequency hopping but operates in the
time domain, dividing the signal into multiple shorter time slots and deciding in which time slot
to transmit the signal based on a pseudo-random sequence, thereby widening the signal
spectrum.

Although FHSS can effectively expand the spectrum, it involves the frequency shift keying
(FSK) of the carrier, making its hardware design relatively complex.(!”) Therefore, in this paper,
we have chosen DSSS.

The generation of DSSS signals relies on the modulation of direct sequence codes. Among
the three modulation methods of FSK, amplitude shift keying (ASK), and phase shift keying
(PSK), PSK has the lowest error rate.'®) Barker codes have good autocorrelation characteristics
and require only a single excitation; hence, in this study, we selected Barker codes as the pseudo-
random sequence code for spread spectrum technology.

An N-bit Barker code element I:xo, Xps eens X, Nfl)] consists of “1” or “~1”. When the code
element is 1, the resulting waveform is in the same phase as the original waveform; when the
code element is —1, the resulting waveform is opposite to the original waveform. The original
waveform phase difference is m after two code elements, and several Barker codes form the
pseudo-random binary spread spectrum code required for signal spread spectrum technology.

B[N]=[x0,x],...,xw_])},xl. e{-1,1} 0
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For the decoding process after encoding, also known as pulse compression, the decoding
process is actually the product of time width-bandwidth, that is, equivalent to the SNR gain after
signal compression, and the SNR gain of the encoded signal is related to the code length N, so
the SNR gain Ay after Barker code processing can be represented by the equation

Agyr =10xlog N, N €{2,3,4,5,7,11,13}. )

According to Eq. (2), to achieve the maximum SNR gain, the code element chooses a 13-bit
Barker code.

Using DSSS technology, we multiply the information code an by the pseudo-random binary
spread spectrum code c¢(f) to obtain the composite code sequence d(f). The carrier signal is
modulated with the composite code sequence d(f) to obtain the transmitted signal S(f), using the
pseudo-random code with a high rate to achieve the effect of spectrum expansion.(!) Ideally, the
information code an is modulated to obtain the transmitted signal S(¢), and its equation is

S(@) = d(f)sinnfet) = Aanc(t)sinRnf,d), 3)

where A represents the amplitude and f, represents the center frequency of the carrier.

The pseudo-random spread spectrum code is a 13-bit Barker code. After the information and
pseudo-random codes are multiplied, the composite code is obtained, and its frequency is
expanded to 13 times the original frequency. The information code is “1”, so the composite code
is the same as the spread spectrum code. The spread spectrum sequence obtained after
modulation is then used as the modulation encoding sequence and is modulated with a 200 kHz
carrier signal sin(?) to obtain the carrier signal S(¢) after spread spectrum sequence modulation,
which serves as the excitation signal. The ideal expanded spectrum process waveform is shown
in Fig. 2. After the receiving end receives the signal, the received signal is calculated with the
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Fig. 2. (Color online) Waveform diagram of ideal spread spectrum process.
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reference spread spectrum code, and after software filtering, the sent information code an can be
restored.

The above spread spectrum and dispreading processes are all calculated and completed using
MATLAB. The original signal is the Hanning window signal (HWS) wave. In MATLAB, DSSS
technology is used to spread the HWS wave to obtain a new signal, called the direct-sequence
signal (DSS) wave.

2.2 Verification of the feasibility of the spread spectrum method by simulation

By using the finite element simulation software ABAQUS/CAE, a three-dimensional model
of the CHNO6OAT rail with a length of 1 m was established. The material properties of the model
are as follows: mass density p = 7840 kg/m?3, Poisson’s ratio ¢ = 0.29, and elastic modulus E =
210 GPa.

A crack detection model is established as shown in Fig. 3. The blue marks R4, E, and R4
simulate the piezoelectric sensors installed at the bottom of the rail. The middle position E is the
excitation probe and the two sides are the receiving probes. The red box shows the cut artificial
cracks at the bottom of the rail; the crack length is 150 mm, the depth is 10 mm, the width is 1.5
mm, and the crack distance from the end of the rail is L; = 423 mm, keeping L, = 5 mm
unchanged. By changing the “R—E” spacing, that is, the distance between the excitation and
receiving probes, the received signal propagation distance changes accordingly.

On the basis of the current detection requirements of the railway department for rail bottom
crack depth, which is 10 mm, the size of the crack to be detected theoretically must be greater
than half the wavelength of the detection frequency.??) Therefore, a guided wave frequency of
200 kHz is selected.

As shown in Fig. 4, the starting interval of “R—E” spacing is 40 mm, and the step is increased
by 20 mm until the “R—E” spacing is 140 mm. The HWS and DSS are used as the guided waves.

The simulation results of HWS are shown in Fig. 5, where V,,,; represents the nondamaged
waveform and V), represents the waveform after cracking. Cracks cause significant amplitude
attenuation to the propagation of a guided wave signal. With the increase in “R—E” spacing, the

Fig. 3. (Color online) Ultrasonic guided wave rail bottom crack detection model.
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Fig. 4.  (Color online) Emulation probe installation schematic.
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Fig. 5. Excitation signal.

propagation distance of the guided wave increases, and the amplitude of the received signal also
attenuates.

The results obtained before and after the simulation of the DSSS excitation signal are shown
in Figs. 6 and 7, respectively.

The signal that has not undergone deconvolution processing is denoted as S1. The unprocessed
signal exhibits a distinct correlation peak, which corresponds to the information code “1” in the
excitation signal. After the guided wave passes through a crack, the crack induces a certain
degree of reflection and scattering, leading to the significant distortion and energy attenuation of
the signal. Consequently, the correlation between the deconvolved signal and the original
excitation signal weakens, making it impossible to fully recover the information code “1” from
the excitation signal. The signal will not exhibit a high correlation peak, contrasting sharply with
the processed signal of the direct wave that has not encountered any cracks.

As shown in Fig. 8, when the signal distance after deamplification increases to 100 mm, the
propagation attenuation of V,,,; becomes clearer, but there is still a large difference between V4
and V,,4, which reduces the effect caused by the increase in propagation distance and further
improves the detection range of cracks in the rail.

To describe the attenuation degree of the guided wave signal in the propagation process, the
attenuation coefficient o, is used to represent it, and its equation is

a, = 20log, (V. /7). @)

pnd
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Fig. 6.  (Color online) V,,,, and V,,; waveforms of HWS at different spacings.
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Fig. 7. (Color online) V,,,;and V,; waveforms of unexpanded DSS.

The larger the attenuation coefficient a4, the more serious the amplitude attenuation of the
signal after cracking. The attenuation coefficient a,,; of the signal SO without spread spectrum
processing is calculated from Table 1 to be 8.89 dB, whereas that of the signal S1 after spread
spectrum processing is calculated from Table 2 to be 17.20 dB, and the average a,,, of the signal
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Fig. 8. (Coloronline) V,,,,and V,; waveforms of DSS after deamplification.
Table 1
Vona and V,; of HWS excitation waveform varying with distance.
No. (S0) Interval (mm) Vona Vpa oy (dB)
1 40 2031.49 711.05 9.12
2 60 2030.34 719.08 9.02
3 80 2083.17 732.39 9.08
4 100 1509.10 656.73 7.23
5 120 1284.37 367.04 10.88
6 140 1107.31 440.77 8.00
Table 2
Vona and V5 of DSS excitation waveform varying with distance.
No. (S1)  Interval (mm) Vond Vod apd (dB)
1 40 54.99 8.81 15.90
2 60 54.64 5.79 19.50
3 80 53.27 5.98 19.00
4 100 32.00 5.78 14.86
5 120 31.90 3.77 18.55
6 140 31.00 5.28 15.38

S1 after spread spectrum processing is increased by 8.31 dB. The results show that the cracks at
the bottom of the rail are more easily detected after the HWS is processed by the spread
spectrum technology.

In addition, the increase in propagation distance will also attenuate the guided wave signal.
The attenuation degree of the propagation distance to the guided wave is expressed by the
attenuation coefficient a;, which is given as
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Vpnd (R_ min
a, =20log,, 24—~ 5)

Here, V,,(R — E,,;,) indicates the V,,; amplitude at a distance of 40 mm and V), /R — E,,;,)
indicates the V), ; amplitude at a distance of 140 mm.

The larger the attenuation coefficient o, the more serious the effect of distance attenuation
on the guided wave signal. By analyzing the simulation results in Tables 1 and 2, the attenuation
coefficient a; of the signal without spread spectrum processing is calculated as 5.27 dB, whereas
the attenuation coefficient a; of the signal after spread spectrum processing is 4.73 dB, and the
attenuation of the signal propagation after spread spectrum processing is reduced by 0.54 dB .

The simulation results showed that the spread spectrum technique can reduce the effect of
distance attenuation on crack identification. At the same time, the amplitude of the signal
decreases more after cracking, which increases the sensitivity of crack detection.

3. Experiment and Results

In this study, we employed piezoelectric ultrasonic transducers for guided wave excitation
and reception in a custom-designed detection system. The experimental setup consists of three
core modules: (1) a signal generation unit, (2) a data acquisition unit, and (3) the test specimen —
a CHNGOAT steel rail section of 1100 mm length.

To validate the system’s detection capability, three artificial notch defects were precision-
machined on the rail bottom surface. As illustrated in Fig. 9, these standardized flaws were
positioned at 80 cm from the rail end, with each defect featuring the dimensional parameters
shown in Fig. 9.

We employed ultrasonic transducers fabricated on the basis of the piezoelectric effect for the
excitation and reception of ultrasonic guided waves. The overall ultrasonic guided wave
detection system primarily consists of ultrasonic transducers, a signal generator, a power

Fig. 9. (Color online) Artificial crack.
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amplifier, an oscilloscope, and the steel rail under inspection. By utilizing a one-actuation dual-
reception method, three 200 kHz ultrasonic guided wave transducers, R4, E, and R4, were
used, where E denotes the actuating probe, and R4 and R4 represent the receiving probes. The
steel rail was divided into two inspection sections: one with an artificial crack between R4 and
E, and the other without a crack between R4 and E, with the spacing between them being
consistent with that of R,q and E. For comparative experimentation, the spacing between R4
and E is identical to that between R4 and E, and for ease of expression, both are referred to as
“R—E” spacing. The relative positions of the probes with respect to the crack are illustrated in
Fig. 10.

Using the conventional HWS and DSS as the excitation signals, we conducted three different
“R—E” spacing experiments at the rail bottom crack detection platform for cracks of three
different depths. The waveforms of the received DSSs after deconvolution processing are shown
in Fig. 11.
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Fig. 11. (Color online) Deconvolved waveform of DSS received signal.
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Figure 11 shows that under the bottom crack of the rail with depths of 3 and 6 mm, the
median amplitude of V,; and V,,,, is slightly attenuated in the time domain. According to the
results of theoretical analysis, the detected crack size is guaranteed to be greater than half the
frequency wavelength of the detected waveform, so the guided wave signal of the frequency
used in the experiment is not sensitive to the bottom crack of the rail with a depth less than 7.5
mm. For the bottom crack of the rail with a depth of 9 mm, the amplitudes of V,; and V,,,,,
decrease significantly compared with those of 3 and 6 mm, and the existence of the bottom crack
of the rail can be detected stably.

Experiments with a crack depth of 9 mm were selected to show the amplitude changes of
guided waves stimulated by HWS and DSS through the same crack size. Figure 12(a) shows the
HWS without spread spectrum processing and Fig. 12(b) shows the waveform DSS calculated
after spread spectrum processing.

As shown in Table 3, for the detection results of rail bottom cracks with a depth of 9 mm, the
attenuation coefficient @, increases by 4.35, 1.601, and 5.6 dB at the “R—E” spacings of 100,
120, and 150 mm, respectively. Compared with the HWS excitation waveform, the attenuation
coefficient a,, of the spread-spectrum-processed signal increases by 3.847 dB, which proves
that the method in this paper can make the guided wave signal more easily detect the cracks at
the rail bottom.

As shown in Table 4, the attenuation coefficient o; decreases to different degrees in three
different experiments. Compared with the untreated signal attenuation coefficient o;, the
average decreases by 2.305 dB. The larger the attenuation coefficient a;, the more serious the
signal attenuation, indicating that this method can effectively reduce the effect of the guided
wave caused by distance attenuation. Therefore, spread spectrum technology can effectively
reduce the effect of distance attenuation on guided waves.
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Fig. 12. (Color online) Comparison of attenuation coefficients obtained before and after spread spectrum
processing: (a) HWS (before) and (b) DSS (after).

Table 3

Effect of spread spectrum processing on the attenuation coefficient a4

Interval (mm) Crack depth (mm) HWS a4 (dB) DSS a4 (dB)
100 9 9.715 14.065
120 9 13.156 14.757

150 9 10.303 15.903
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Table 4

Effect of spread spectrum processing on the attenuation coefficient ;.

Crack depth (mm) HWS oy (dB) DSS oy (dB)
3 4.437 1.424

6 3.943 2.121

9 3.642 1.562

4. Discussion and Conclusions

On the basis of the traditional ultrasonic guided wave detection, we used Barker codes as the
pseudo-random sequence code and BPSK technology to encode and modulate the original HWS
excitation signal to obtain a new excitation signal, and realized the spread spectrum processing
of the excitation signal. Simulation and experiments on rail bottom artificial cracks (3, 6, and 9
mm) showed that this method reduces the guided wave signal distance attenuation by about 2.3
dB and increases the crack attenuation coefficient by about 3.8 dB. This improves the sensitivity
for detecting small rail bottom cracks.

The 13-bit Barker code used in this study offers high real-time despreading in short-distance
experiments, owing to its sharp autocorrelation peak and low hardware complexity. However, its
limited sequence count (only 13 bits) makes it susceptible to intercode interference in multiprobe
monitoring scenarios. Compared with Kasami sequences, which have a lower theoretical cross-
correlation upper limit but a higher hardware complexity, and Gold codes, which provide more
sequences but exhibit three-valued cross-correlation fluctuations, the Barker code presents a
trade-off between performance and implementation complexity. Although recent studies
combining CNN denoising with spread spectrum technology show promise in improving
microcrack identification, they require substantial training data and computational resources.
The BPSK despreading scheme in this study, with its simplicity and efficiency, better suits real-
time railway monitoring. Guided wave dispersion remains a challenge for long-distance
monitoring, and integrating dispersion compensation algorithms with BPSK modulation can
enhance performance. For future long-distance applications, addressing distance attenuation and
improving microcrack sensitivity will be crucial. Research into extending the Barker code’s
applicability through hybrid coding schemes or advanced signal processing techniques, while
maintaining its low hardware complexity, can open new avenues for its use in railway
monitoring.
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