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Abstract. Lamb wave testing is one of the important methods in ultrasonic nondestructive testing.
One of the key technologies in the Lamb wave testing is to get a clear signal. In this paper, a signal
retrieval method for the Lamb wave signal from noisy signals is presented on the basis of its
wavelet ridge analysis. After the wavelet transformation, the wavelet ridge of the Lamb wave
signal is extracted and the signal is reconstructed by using its ridge as the characteristic parameter.
Experimental results show that the Lamb wave signal is retrieved in the case of the white noise,
the transient noise and the sine noise. The proposed method can retrieve the ultrasonic Lamb wave
signal effectively.
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1. Introduction

Ultrasonic Lamb wave is a kind of ultrasonic plate wave which propagates in the thin layer. In
comparison with the bulk wave point-by-point scanning method, Lamb wave testing is one of the
important methods to detect the defects and the material acoustical property of plate structure. It
has long propagation distance and allows wide detection range once [1, 2].

One of the key technologies in the Lamb wave testing is to get a clear Lamb signal. However,
due to the influence of noises, the experimentally received Lamb wave signals are always mixed
with all kinds of noise signals caused by the interference and other sources in practice. Those
noises greatly impact the accuracy of the Lamb wave testing. A signal retrieval method is very
crucial before an experimental Lamb wave signal is analyzed and explained [3].

There are a lot of scholars to study the Lamb wave signal retrieval and denoising methods
[4-10]. Cawley use the 2-d Fourier transform to the Lamb wave signals [4]. The empirical mode
decomposition (EMD) method decomposed a noisy Lamb signal into a series of almost orthogonal
components that do not overlap in the frequency. [5]. The WT method is widely used in the field
of nondestructive testing because of its advantage in signal de-noising. Siqueira processes the
experimental Lamb wave signal by using the fix-threshold-value discrete wavelet transform. The
wavelet coefficients less than the given threshold are omitted [6]. Lazaro uses the wavelet
transform to eliminate the noise with fixed threshold and soft threshold respectively [7]. Matz
analyzed the echo signal with a variety of time-frequency methods, and discussed the advantages
and disadvantages of various methods [8].

To further study the denoising method in enhancing the resolution and the SNR of the Lamb
wave signal, this paper presents a signal retrieval method for the Lamb wave signal with noises
on the basis of the signal wavelet ridge analysis. We first perform the wavelet transformation to
the signal, and then the ridge of the signal is extracted. Finally, we recover the Lamb wave signal
by using its ridge as the characteristic parameter. Experimental results show that the proposed
method can retrieve the ultrasonic Lamb wave signal effectively.

2. Proposed Lamb wave signal retrieval method

Lamb wave signal in the time-frequency plane exits a relatively energy concentrated,
distributed more prominent position, similar to a topographic map of the ridge [11]. The ridge and
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the original signal are closely linked [12]. It can be used to extract parameters of the signal, and
achieve the original signal reconstruction purposes. For the Lamb wave signal with noise, noise is
the broadband signal, its energy distributes in the entire time-frequency plane. The noise is
reflected in the time-frequency plane range and the Lamb wave signal energy is concentrated on
the ridge position. So the wavelet ridge can be used to reconstruct the signal with denoising
function.

Our proposed method mainly consists of three steps. Firstly, the wavelet transform is
performed to the original noisy Lamb signal to obtain its decomposition in the time-scale domain.
Next, the wavelet ridge of the signal is extracted. Finally, the inverse wavelet transform is used to
retrieve the Lamb wave signal by using its ridge as the characteristic parameter.

Supposed a received signal Lamb wave signal f(t) is:

f(t) = Ap(t)cos[gy ()], M

where ¢t denotes the time, A(t) denotes the signal amplitude, and ¢, (t) denotes the signal phase.
It is expressed as the function of the dual parameters scale a, and time ¢ by using the basic wavelet
functions g(t) = Ag(t)exp(idgy(t)).

—b
Wya,b) = f g (—) . )

Supposed & = wy/a and & > 0, we have:

Wy (@ b) = 22 AG)expliy NG (alt - 95®]) + (5,5}, ©

where £(b, €) is a correction, which is negligible when ¢'(t) = Aw/a. There is |G(0)] = |G (w)]
within the wavelet set. From equation 3, when é(b) = ¢'(b), |W (a, b)| has the maximum and
(b, (b)) iswavelet ridge point. So |W (a, b)| is the amplitude of the wavelet ridge point and & (b)
denotes the location. On the ridge, the corresponding ridge amplitude is:

W(a,b) = */;A(b)a(mexp[i% (b)]. 4)

The corresponding wavelet ridge point is deduced by the solution of the following equation:
§(b) = ¢g(b). 5)

From equations (3) and (4), the ridge shows the most similar feature to the original signal, and
the scale value of ridge point location corresponds to the changes of signal instantaneous
frequency. The main parameters of each signal component can be extracted from the respective
ridge information. By using the ridge, the retrieval Lamb signal x(t) is:

t—by\ db
x© = [Wa®).09 (=) = o ©
AQ
) =22, 7
“®) =55 ©

where t is the time and b is the integral variable.
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3. Experimental setup

To evaluate the proposed method in practical applications, it has been applied to
experimentally obtained Lamb wave signals.

The experimental setup used in this paper is composed of the exciting transducer, receiving
transducer, the RS232C interface, the digital ultrasonic compositive detector CTS-3000, and the
computer as shown in the Fig. 6 of the reference 3. All experimental procedures are controlled by
the compositive detector or computer. The digital ultrasonic compositive detector sends the
excitation pulse signal and receives the measured ultrasonic Lamb signal. The workpiece is a
stainless steel plate with a thickness of 0.97 mm. The piezoelectric oblique longitudinal
transducers with the central frequency of 2.5 MHz are used to excite and receive signals. The
wedge is used as the coupling between the transducers and the workpiece. The experimental data
are sent to the computer via the RS232 serial interface. The software named US3000 V1.0 records
and analyzes the experimental data on the computer. The data and waveforms are stored as text
files for later off-line processing on the Matlab platform. Fig. 1 shows the experimental signals at
the propagating distances of 3.5 cm, 5 cm, and 7 cm.
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Fig. 1. The experimental Lamb wave signals at the propagating distances of 3.5 cm, 5 cm, and 7 cm

4. Results and discussion

The Lamb wave signal processed in this paper has been implemented in the R environment
[13]. The experimental collected Lamb signals containing little noises as shown in Fig. 1 is
analyzed with the sampling frequency of 10 MHz. The central frequency is 0.42 MHz. The signals
are received at the propagating distances of 3.5 cm, 5cm, and 7 cm from the exciting source,
respectively. As the increase of propagation distance, the pulse width of signals increase but the
amplitudes decrease. For each signal, we use the Morlet wavelet, and then the continuous wavelet
transform is computed for 1000 different values of scale.

After the wavelet transform, Fig. 2(a) shows the contour map and the ridge (dotted line) of the
Lamb wave signal at a propagating distance of 3.5 cm. The dotted line shows the wavelet ridge.
On the basis of this ridge, the retrieved signal is shown in Fig. 2(b). In comparison with the original
signal, the little noise is removed effectively. In the main pulse, the signal amplitude slightly
reduced and the signal smoothness is improved. The features of the original signal can be
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recovered. The same conclusion can be drawn from the retrieved signals at the propagating
distance of 5 cm shown in Fig. 3.
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Fig. 2. The contour map (a) and the retrieved signal,
(b) of the Lamb wave at a propagating distance of 3.5 cm
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Fig. 3. The retrieved Lamb wave signals at a propagating distance of 5 cm

To further evaluate the proposed method, we mixed the Lamb wave signal with different types
of noises and use the proposed method to process the signal.

4.1. The white noise

In this section, it is supposed that the original signal is the Lamb signal at a propagating
distance of 5 cm.

In Fig. 4(a), a white noise has been added to the original Lamb wave signal with
signal-noise-ratio (SNR) 10. From the figure we can see the outline of the original signal. Fig. 4(b)
shows the contour map of the continuous wavelet transform and the ridge (dotted line) of the Lamb
wave signal at a propagating distance of 5 cm. Judging from the corresponding energy distribution,
the noise has little effect on the Lamb wave signal and its ridge can be extracted from the contour
distribution. Fig. 4(c) is the retrieved Lamb wave signal based on the ridge in Fig. 4(b). From the
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view of the signal amplitude and the shape, the retrieved signal is very close to the original signal.
It is implied that the ridge can be extracted and the signal can be retrieved effectively from the
noisy signal.
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Fig. 4. The noisy signal (SNR = 10) (a), the contour map (b) and the retrieved signal
(c) of the Lamb wave at a propagating distance of 5 cm

In Fig. 5(a), a white noise has been added to the original Lamb wave signal with the SNR 5.
From the figure, the original signal has overwhelmed by the noise, it is difficult to distinguish the
shape of the original signal. Fig. 5(b) shows the contour map of the continuous wavelet transform
and the ridge (dotted line) of the Lamb wave signal. Judging from the corresponding energy
distribution, the signal is influenced by the noise and the energy distribution is the same as that of
the original one. The value of the energy distribution is slightly higher than the original signal.
However, The ridge of the signal is almost not affected by the noise and can clearly be extracted.
Fig. 5(c) is the retrieved Lamb wave signal based on the ridge in Fig. 5(b). The retrieved signal is
consistent with the original signal. There are clear signal shape changes. The signal has a certain
degree of distortion. If we know in advance the characteristics of the signal extracted, such as the
envelope of the Lamb wave signal, the distortion would be reduced. Anyway, the ridge can reflect
the characteristics of the original signal.
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Fig. 5. The noisy signal (SNR = 5) (a), the contour map (b) and the retrieved signal
(c) of the Lamb wave at a propagating distance of 5 cm

4.2. The transient noise

In this section, it is supposed that the original signal is the Lamb signal at a propagating
distance of 3.5 cm.

In Fig. 6(a), a transient signal is shown and has been added to the original Lamb wave signal
in Fig. 6(b). From the figure we can see that some parts of the signal amplitude have been changed.
Fig. 6(c) shows the contour map of the continuous wavelet transform and the ridge (dotted line)
of the Lamb wave signal. Judging from the corresponding energy distribution, the transient noise
has little effect on the Lamb wave signal and its ridge can be extracted from the contour
distribution. Fig. 4(d) is the retrieved Lamb wave signal based on the ridge in Fig. 4(c). Although
some parts of the signal amplitude changed, the energy distribution in the contour map can clear
separate those two signals. The ridge of the signal is almost not affected by the noise and can
clearly be extracted. The retrieved signal is still very close to the original signal. It implies that the
ridge can be extracted and the signal can be retrieved effectively from the transient noise signal.
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Fig. 6. The transient signal (a), the mixed signal (b), the contour map (c) and
the retrieved signal (d) of the Lamb wave at a propagating distance of 3.5 cm

In Fig. 7(a), multi-transient signals are shown and has been added to the original Lamb wave
signal in Fig. 7(b). From the figure, when those two signals mixed, it has been difficult to identify
the original signal waveform. Fig. 7(c) shows the contour map of the continuous wavelet
transform and the ridge (dotted line) of the Lamb wave signal. The corresponding energy
distribution is very different from that of the original signal. But its ridge is the same as that of the
original one and can be extracted from the contour distribution. Fig. 7(d) is the retrieved Lamb
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wave signal based on the ridge in Fig. 7(c). The retrieved signal is still very close to the original
signal. So the ridge can be extracted and the signal can be retrieved effectively from the multi-
transient noise signals.
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Fig. 7. The transient signal (a), the mixed signal (b), the contour map (c) and
the retrieved signal (d) of the Lamb wave at a propagating distance of 3.5 cm
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Fig. 8. The 0.2 MHz sine signal (a), the mixed signal (b), the contour map (c),
the retrieved Lamb wave signal (d) and the retrieved sine signal (e) at a propagating distance of 3.5 cm
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From the above analysis in this section, when the Lamb wave signal contains transient noise
signals, the wavelet ridge can keep the characteristics of the original signal. So the original Lamb
wave signal can be retrieved for the following analysis and signal processing.

4.3. The sine noise

In this section, it is supposed that the original signal is the Lamb signal at a propagating
distance of 3.5 cm.

In Fig. 8(a), a sine signal with the frequency 0.2 MHz is shown and has been added to the
original Lamb wave signal in Fig. 7(b). From the figure, when those two signals mixed, it has been
difficult to judge the original signal waveform. Fig. 7(c) shows the contour map of the continuous
wavelet transform and the ridges (dotted lines) of the mixed signal. We can see two signal
components in the time-frequency plane are separate. But two signals at frequencies close to each
other have already a little impact. The edge of the signal is not as smooth as that of the other parts,
particularly with respect to the Lamb wave in comparison to the original signal. However, the
ridges of the two signals can be extracted. Fig. 7(d) and (e) are the retrieved Lamb wave and sine
signals based on their ridges in Fig. 7(c). It is shown that the Lamb wave signal is separated from
the sine signal and the amplitude and waveform of the retrieved Lamb wave signal are consistent
with the original signal.

In Fig. 9(a), a sine signal with the frequency 0.3 MHz is shown and has been added to the
original Lamb wave signal in Fig. 9(b). Fig. 9(c) shows the contour map of the continuous wavelet
transform and the ridges (dotted lines) of the mixed signal. We can see two signal distributions in
the time-frequency plane are overlapped and influent each other. The ridge of the Lamb signal is
different from that of the original. Fig. 9(d) and (e) are the retrieved Lamb wave and sine signals
based on their ridges in Fig. 9(c). From the reconstructed signal, we can see that the sine single is
retrieved well, but the Lamb wave signal is more close to the mixed signal, regardless of the
amplitude or the waveform of the signal. It is shown that, when the frequency of the sine wave is
close to the central frequency of the Lamb wave signal, the retrieved Lamb signal may exhibit
characteristics inconsistent with the original signal.

4.4. Comparison with other methods

To more further evaluate and analyse the proposed method, we compare the proposed method
with other Lamb wave signal analysis methods, including the short-time Fourier transform (STFT)
method, the Wigner-Ville (W-V) method, and the EMD method. In this section, it is supposed that
the signal is the Lamb signal at a propagating distance of 5 cm shown in Fig. 1.

In Fig. 10(a), the STFT of the Lamb wave signal at a propagating distance of 5¢cm is shown.
The frequency resolution is inferior to the proposed method. Fig. 10(b) shows the Wigner-Ville
distribution in the time-frequency domain. The frequency resolution is better than the STFT
method. However, there is an obvious cross part between the signal and the noise. Fig. 10(c) shows
the intrinsic mode functions after adopting the EMD method. The IMFL1 is considered as the noise.
The IMF 2 to 4 is disturbed by the noise. So the denoising effect is not well as shown in Fig. 10(d)
— the retrieved signal contains the obvious noise. From the above analysis, the proposed method
is superior to the other methods in the Lamb wave signal retrieval.
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Fig. 9. The 0.3 MHz sine signal (a), the mixed signal (b), the contour map (c), the retrieved Lamb wave
signal (d) and the retrieved sine signal () at a propagating distance of 3.5 cm
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Fig. 10. The STFT of the Lamb signal (a), the W-V transform of the Lamb wave signal (b), the EMD of
the Lamb wave signal (c), and the retrieved Lamb wave signal (d) at a propagating distance of 5 cm
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5. Conclusion

The Lamb signal in the continuous wavelet transform plane shows the ridge character. This
paper retrieves the ultrasonic Lamb wave signal from different noisy signals by the wavelet ridge.
The experimental results prove that the Lamb wave signal could be retrieved according to the
information from the single ridge. To the multi-mode Lamb wave signals, this method is still under
the research.
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