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Time-frequency (TF) of all the modes can be fully eliminated. In addition, according to the output results of the

GDMD, a high-quality TF distribution can be constructed to clearly reveal the TF pattern
of a multimodal dispersive signal. Simulated examples and real-life applications to railway
wheel fault diagnosis and Lamb wave analysis are carried out to show the effectiveness of
the GDMD.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Dispersive signals have been widely investigated in various fields, such as structure health monitoring [1,2] nonde-
structive testing [3-5], underwater acoustics [6,7] and biomedical applications [8,9]. Dispersive signals exhibit frequency-
dependent characteristics, among which the group delay (GD), defined as the derivative of the phase function with respect
to the frequency, is the most important one [10,11]. GD contains valuable information about the source and system and
thus can be utilized for source localization and system identification. However, when a broadband signal passes through a
nonlinear system, different time delays will be generated at each frequency, resulting in a frequency-varying GD. In addition,
practical dispersive signals like guided waves [12] often contain multiple signal modes with crossed GD curves (also known
as dispersion curves), which makes it difficult for signal analysis. Therefore, accurately separating these crossed dispersive
modes and extracting their GD curves are crucial for practical applications.

Dispersive signal is a kind of typical non-stationary signal with time-varying or frequency-varying signal features. Time-
frequency analysis (TFA) is one of the most effective methods for non-stationary signal processing since it can character-
ize signal features in both time and frequency domains simultaneously. Conventional TFA methods like short-time Fourier
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transform (STFT) and continuous wavelet transform have been widely used in various fields, however, the time-frequency
distributions (TFDs) obtained by these methods are usually subjected to poor energy concentration. Quadratic TFA methods
like Wigner-Ville distribution are known for fine concentration but they often suffer from cross-terms for nonlinear and
multimodal signals. To improve the readability and concentration of a TFD, researchers proposed a post-processing tech-
nique called time-frequency (TF) reassignment [13] which moves the TF coefficients from their original locations to the
local energy centroids so as to sharpen the TFD. As a special case of the TF reassignment, synchrosqueezing transform (SST)
[14] has attracted considerable attention since it can not only enhance the TFD but also inherit the invertibility for signal
reconstruction. However, SST may still generate blurry TFDs for fast-varying signals as it essentially performs zero-order
approximation for signals. To address this issue, demodulation techniques [15-17] or higher-order approximation operators
[18,19] have been employed to improve the fast-signal-characterizing ability of SST. On the other hand, SST only reassigns
the TF coefficients along frequency axis and thus is less capable of analyzing impulsive-like signals or dispersive signals
with transient behaviors. To reduce the energy diffusion along time axis for transient signals, some researchers further de-
veloped time-reassigned SST [20,21] and horizontal SST [22]. One major limitation of the current SST-based methods is that
they cannot resolve close or crossed signal modes since the TF coefficients of these modes are almost overlapped and thus
cannot be properly reassigned. In addition, noise interference may change the local TF energy centroids, which will directly
affect the SST results.

Parameterized TFA methods are another type of popular TF methods which are known for the signal-dependent reso-
lution. Such methods assume that the signal can be characterized by a parameterized model and then formulate the TFA
issue as a parameter estimation problem. When the defined model well matches with the signal, the best TF resolution can
be achieved by the TF methods. Yang et al. [23] proposed a general parameterized TF transform (GPTFT) which employs
different models like polynomial, spline and Fourier series to characterize the instantaneous frequency (IF) of the signal.
Moreover, to estimate the GD of a dispersive signal, the frequency-domain GPTFT as a dual version of the original method
was also developed [10]. However, a set of parameters can only match with a certain signal mode when each mode exhibits
different TF patterns. Therefore, GPTFT cannot completely characterize a multimodal signal in one execution. One possible
solution is to employ image filtering techniques to assemble TFDs generated by multiple executions of the GPTFT (with
respect to different modes) to form a multimodal TFD [11]. Analogously, in some specific applications of dispersion analy-
sis, researchers employ particular dispersion models to construct effective parameterized TF methods like dispersion-based
STFT [24] and dispersive Radon transform [25]. Clearly, one shortcoming of the parameterized methods is that they cannot
be applied in more general cases where the predefined model mismatches with the considered signal.

The methods mentioned above mainly focus on the TF representation of the signal. Of particular interest to us are the
signal-decomposition-based TFA methods which can extract inherent modes underlying a signal and thus clearly reveal the
TF patterns of the signal. In the past decades, researchers have developed many famous signal decomposition methods like
empirical mode decomposition, empirical wavelet transform, variational mode decomposition, etc., most of which are sub-
jected to narrowband conditions [26,27]. These methods often suffer from over-decomposition issues (i.e., the same signal
mode is split into different parts) when dealing with wideband signals (e.g., FM signals). Recently, Chen et al. proposed
several chirp-model-based signal decomposition methods like variational nonlinear chirp mode decomposition (VNCMD)
[28] and adaptive chirp mode decomposition (ACMD) [29,30] to analyze multimodal wideband chirp signals. One promising
advantage of such methods is that they can accurately estimate IFs and instantaneous amplitudes of close or even crossed
signal modes, and therefore a quality TFD of the signal can be constructed [31]. Nevertheless, these methods are not applica-
ble for dispersive signal analysis since the chirp model is not able to characterize the dispersion effect. For dispersive signal
decomposition, the dispersion compensation method (DCM) [32,33] has aroused much interest. With the DCM, a dispersive
signal with a frequency-varying GD can be transformed into a transient impulse (with a constant GD) which can thus be
separated by a short-time rectangular window. It deserves to be mentioned that the SST-based method has also been re-
ported for dispersive signal separation [34]. However, neither the DCM nor the SST-based methods can separate dispersive
modes overlapped in the TF domain.

In summary, there is still a lack of a generalized signal decomposition method which can deal with crossed or over-
lapped dispersive modes. Motivated by the ACMD with the advantage in separating wideband chirp modes, a generalized
dispersive mode decomposition (GDMD) method is developed. This work mainly includes two contributions: 1) considering
the frequency-dependent dispersive characteristics, a generalized (non-parametric) dispersive signal model defined in the
frequency domain is introduced; 2) based on the defined model, a joint-estimation algorithm is presented to accurately
estimate GDs of crossed dispersive modes and then achieve the mode separation. In fact, the proposed GDMD can be re-
garded as an optimal DCM where the optimal GDs are estimated such that the dispersion effects of all the modes can be
fully eliminated with the estimation results. In addition, different from the conventional DCM, thanks to the joint-estimation
algorithm, the energies of the crossed modes near the intersections can be well balanced, leading to accurate mode recon-
struction results.

The rest of the paper is organized as follows. After a brief description of the chirp signal model, the ACMD is introduced
in Section 2. The proposed GDMD method is detailed in Section 3. Numerical examples are presented in Section 4 and then
real-life applications of the GDMD are carried out in Section 5. Section 6 concludes the paper.
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2. Theoretical background
2.1. Chirp signal model

A general chirp signal often has a time-varying amplitude and frequency, and therefore the AM-FM signal model can be
employed to represent such signal as [29]:

s(t) = a(t) cos | 2 /Otf()»)d}» +qb:| )]

where a(t), f(t)and ¢stand for the instantaneous amplitude, IF, and initial phase of the chirp signal, respectively. By intro-
ducing a demodulation frequency f(t), Eq. (1)can be rewritten as:

s(t) = c(t)cos | 2 /Ot f'(/\)dx} +d(t)sin [271 /O[f(x)dx] (2)

with
{c(t) = a(cos {2 Jj [f(1) — f()]dT + ¢}
d(t) = —a(t)sin {27 [y [f(A) - f()]dT + )}

where c(t)and d(t)are referred to as demodulated signals. Clearly, if let f(t) = f(t), the demodulated signals will be trans-
formed into slowly-varying baseband signals.

(3)

2.2. Adaptive chirp mode decomposition

As defined in Eq. (1), the chirp signal is usually a wideband signal due to the FM effect (i.e., the IF f(t)may vary in a
wide range). Conventional signal decomposition methods like EMD and VMD are developed based on narrowband signal
conditions, and thus may not properly analyze chirp signals. To deal with this challenging issue, the ACMD method was
developed in [29]. More concretely, as shown in Eq. (3), if a proper demodulation frequency f(t)is specified, the FM effect
and the bandwidth of the demodulated signals will be effectively reduced. Therefore, the idea of the ACMD is to find the
optimal demodulation frequency (i.e., the IF f(t)) by minimizing the bandwidth of the demodulated signals.

Assuming that the collected signal s(t)is composed of multiple signal modes, the ACMD extracts the i th mode s;(t)and
estimates its IF f;(t)by solving the optimization problem as:

min _ {Hc,-”(t)Hj +]|d" @ | +elise) —sf(t)n%}
ci(t).di(t), fi(t)

with s;(t) = ¢;(t) cos [271 ft ﬁ(k)dk} +d;(t) sin [2n [f f}(,\)dx} (4)
0 0

where the square of the l,norm of the second derivative (i.e., ||c,-”(t)||§and ||d/’(t)||§) is calculated to measure the signal
smoothness which can also reflect the signal bandwidth [35]; o > 0 is a weighting factor. Essentially, formula (4) is indica-
tive of a greedy algorithm like the matching pursuit [36] which searches for the optimal mode by minimizing the residual
energy (i.e., ||s(t) —s,-(t)||%). After extracting the ith mode s;(t)by solving Eq. (4), one can remove the obtained mode from
the original signal, i.e., s(t) = s(t) —s;(t), and then repeat the algorithm (to the residual signal) to extract other modes. Note
that the ACMD is designed to analyze time-varying characteristics like IF for the chirp signal and thus cannot properly deal
with frequency-varying characteristics like GD for the dispersive signal.

3. Generalized dispersive mode decomposition
3.1. Dispersive signal model

The decomposition issue of a multimodal dispersive signal is considered in this study. For the proposed GDMD method,
the base function is the so-called generalized dispersive mode (GDM) which can effectively characterize the dispersion
properties of a dispersive signal. Considering the frequency-dependent characteristics, the GDM is defined in the frequency
domain as:

Definition 1. A function s(t)(R — R) is referred to as the GDM if its Fourier transform S(f) = [°C_ s(t) exp(—j2 ft)dtcan be
expressed as:

f
S(f) = A(f) exp {j [Zn /0 7(M)dA +<p]} (5)

with A(f)and 7 (f)satisfying the following conditions:
AeC'(R)NI®(R), T € C'(R)
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Fig. 1. Illustration of (a) IF and (b) GD.
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where j = v/—1, fstands for the frequency variable; A(f), T(f), and @denote the amplitude, the so-called GD, and the initial
phase of the frequency-domain signal S(f), respectively; &€ > 0 controls the change rates of A(f)and t (f). Note that a minus
sign is added in front of the phase function of Eq. (5)to reflect the time-delay property. Eq. (5) indicates that the GDM can
effectively characterize the frequency-varying amplitude and GD.

Practical dispersive signals often contain multiple modes and contaminated by environmental noise, and thus can be
represented as:

S(f) = %ﬁ(f) ()

= éfw) exp {—i[27 [ i+ @] | + 00 ©

where M is the number of the dispersive modes, S;(f)denotes the i th mode defined in Eq. (5), n(f)is the noise. By intro-

ducing auxiliary time delays 7;(f)fori=1,-.., M, Eq. (6)can be rewritten as:
M f
S(f) =Y. Gi(f)exp [—jzn / mm} +1(f) (7)
i=1
with
. f -
Gi(f) =Ai(f) exp {—1{275 /0 [Li(A) = T(M)]dA + %’} } (8)

Note that, similar to the frequency demodulation in Eq. (3), Eq. (8) indicates the dispersion compensation [32] and 7;(f)is
the compensation amount. Ideally, when 7;(f) = 7;(f), the dispersion effect of G;(f)will be fully eliminated, resulting in a
transient impulse (with a very short duration) located at T = 0.

Remark: There exists a clear dual relation between the chirp signal model (in Eq. (1)) and the proposed GDM (in Eq. (5)).
The former is for the time-varying signal feature (like IF) modeling while the latter is for the frequency-varying dispersion
feature (like GD) modeling. Both of them have a wide range of applications. Fig. 1 illustrates a typical IF and GD. As men-
tioned above, the GDM can not only model broadband dispersive signals like guided waves but also transient impulse signals
(i.e., the GD is nearly constant and the TF pattern is a line nearly parallel to the frequency axis) which have been extensively
studied in machine fault diagnosis [37-39]. In addition, different from most existing methods like SST [14] which impose

separation conditions on the signal modes, we consider a general case that the dispersive modes in Eq. (6) may overlap in
the TF domain.

3.2. Formulation and algorithm

As discussed above, the DCM can be used to reduce the dispersion effect and thus reduce the effective time duration
of a dispersive signal. Therefore, the proposed GDMD is formulated as an optimal DCM where the optimal GD is estimated

4



JID: YJSVI [m3Gsc;October 23, 2020;17:10]

S. Chen, K. Wang, Z. Peng et al. Journal of Sound and Vibration xxx (xXxx) xxx

0.1 -
Larger smoothness index - !

0.05

¥ (_f)HZ —1.13x10F

0 10 20 30 40 50
Frequency (Hz)

20 30
Frequency (Hz) Time (s)

Fig. 2. Illustration of the dispersion compensation principle of the GDMD (top figures show the frequency and time domain waveforms of a dispersive
signal; bottom figures show the waveforms after dispersion compensation; herein the real parts of the frequency-domain waveforms are given).

such that the signal (i.e., G;(f)in Eq. (8)) has the shortest time duration (i.e., becomes a purely transient impulse) after
dispersion compensation. Moreover, to deal with overlapped modes, a high-resolution joint-estimation scheme is adopted
to estimate all the signal modes simultaneously. This scheme can accurately distribute energies of the overlapped modes at
the intersections. Specifically, the GDMD is formulated as:

GO ) ',ZHG (f)Hz"'a S(H) - ZS(f)

2
with S;(f) = Gi(f) exp [—jzn / ! m)dx] 9)
0

Inspired by the ACMD defined in Eq. (4), the GDMD also uses the squared l;norm of the second derivative to measure
the smoothness of the frequency-domain signals and also evaluate their durations in the time domain. Fig. 2 illustrates the
dispersion compensation principle of the GDMD.

For the algorithm implementation, it is assumed that the frequency-domain signal is sampled at f = fy, --- fy_iwhere N
is the number of the frequency bins, and then formula (9) can be written in the matrix form as:

. . 2 2
min[Je (g K)] = min {1 ¥g]); + s - Kgll3)} (10)

where s = [S(fo). -~ . S(fy-DI". g=[@)". - . @) 1", & = [Gi(fo). -~ . G;(fy_]", fori=1.--- . M, superscript Tstands for
the transposition, the kernel matrix Kis given as:

K=K, -, Ky] (11)
where Kijfor i =1, ..., Mare diagonal matrixes represented as:
K; = diag[exp[—j6i(fo)].--- . exp [=jb:i(fn-1)]] (12)

where 0;(f) =2n fof T;(A)dA. The matrix Win Eq. (10) conducts the second-order difference operations for the M dispersive
modes as:

W = diag[A,---, A] (13)
——
Mmatrixes

where Ais a second-order difference matrix.
An iterative algorithm is introduced to solve the optimization problem in Eq. (10). In the n-th iteration, by setting the
gradient of Eq. (10) to zero, the vector gcan be updated as:

ggnﬂ)

1 H -1 H
g(nﬂ) = = g|aya (gK™)/0g=0 = [E‘I’T‘I’ + (K(n)) K(n)] (K(n)) s (14)

g$+1)
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where superscripts H and (n) denote the conjugate transpose and iteration counter, respectively. K™is constructed (see
Egs. (11) and (12)) with the most recent updated GDs denoted by ri(”)(f)for i=1,.-., M. Each signal mode can then be
separated as:

(n+1) (1) (n+1)
s =K"g" (15)

where Kl.(”)denotes the sub-matrix of K™(see Eq. (11)). Note that Eqs. (14) and (15) essentially act as a frequency-varying
filter for dispersive mode extraction as illustrated in Fig. 3. The filter bandwidth is determined by the weighting factor
. With the decreasing of «, the smoothness of the output signal will increase (indicating a decreasing filter bandwidth)
[29,35].

According to Eq. (8), the GD estimation errors (i.e., 7;(f) — 7;(f)in Eq. (8)) can be recovered from the phase of the
dispersion-compensated signal mode G;(f). In the n-th iteration, Gi("“)(f)is updated by Eq. (14), and then the GD errors
can be obtained as:

ATV (f) = —2171{;f{unwrap[zci(”“)(f)]}} (16)

where Zdenotes the phase angle, unwrap{-}denotes the phase unwrapping. Considering the noise interference, Ati(”“)( f)in
Eq. (16) is preprocessed with a low-pass filter at first. Then, the GD is finally updated as:

-1
) g [%ATA +E] AT™D (17)
low—passfiltering
where Ari(”“) = [Atl.(””)(fo), i Ati(”“)(f,\,_l)]T, ti(") = [ri(") (fo), -+ ,rl.(”)(fN_1)]T, Eis an identity matrix, vis a weight-
ing factor controlling the smoothness of the output GD (vdecreases, smoothness increases) [40]. The newly estimated GD
rl.(”“)(f)can be used to update the matrix K™+ (see Eqs. (11) and (12)), and then Eq. (14)~(17) can be executed again in
next iteration. The iterative algorithm can be stopped when there are nearly no changes of the extracted modes between
two consecutive iterations. Note that the above algorithm is designed to extract dispersive modes in the frequency domain.
The time-domain waveforms of the modes can then be recovered by using the inverse Fourier transform. The flow chart of
the proposed GDMD is illustrated in Fig. 4.
As shown in Fig. 4, the output results of the GDMD include the GDs ;(f)and the dispersive modes S;(f)fori=1,---, M.

Then, the amplitude functions (see Eq. (5)) can be estimated by taking the modulus of the modes as A;(f) = |S;(f)|. With
the amplitudes and GDs, a high-quality TFD of the multimodal dispersive signal can be constructed as:

M
TED(t, f) = Y Ai(H)S[t — T(f)] (18)
i=1
where §(-)stands for the Dirac delta function defined as:
1,t=0
8(t)={0 ££0 (19)

Since the GDMD adopts a joint-estimation scheme to resolve overlapped signal modes, the number of the modes, i.e.,
M should be specified in advance similar to the VMD and VNCMD [27,28]. In practical applications, one can determine
a proper M according to the prior information of the signal or by dint of other signal processing tools like TFA [41]. In
addition, one should input the weighting factors eand vwhich regulate the smoothness of the output signal modes and
the GDs, respectively (i.e., control the filter bandwidth). The GDMD can capture more details (especially for signals with
complicated GDs) with the increasing of the factors. However, the output results will be less smooth in a noisy environment

6
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Fig. 4. Flow chart of the proposed GDMD.

with too large weighting factors. In most applications, it is suggested that 1e — 6 <« < le — 2, 1e — 8 < v < 1e — 5according
to different signal characteristics and noise levels. More discussions about the setting of the weighting factors can be found
in [29,30]. As for the GD initialization, one may get good initial values for nearly constant GDs by detecting peaks of the
time-domain signal waveform. For frequency-varying GDs, proper initial values can also be obtained by detecting ridge
curves of a TFD of the signal [42].

4. Numerical examples

Numerical examples are provided to show the advantages of the proposed GDMD in this section. Hereinafter, without
special note, all the simulations are carried out with MATLAB (R2010b) on a PC with a 2.6-GHz CPU. Firstly, a simulated
dispersive signal containing three crossed modes is considered as:

S(f) =S1(f) +S2(f) +53(f). 0 = f < 50Hz (20)

S1(f) =1.5exp[—j2m (- 575 > + 0.2f2 + 6f + 0.3)]
S2(f) =[1+0.2cos (3% f)] x exp[—j27 (575 f> — 0.2f> +10.5f + 0.5)] (21)
S3(f) = [1+0.2sin (3% f)] x exp [—j27 (— 745 f* + 12f + 0.8)]

where the three signal modes are denoted by m1, m2, and m3, respectively, the GDs of the modes are 7;(f) = —f2/125 +
0.4f +6, ,(f) = f2/125 - 0.4f +10.5, and 73(f) = —f2/250 4+ 12. The sampling frequency is set to 100 Hz. The signal is
illustrated in Fig. 5Swhere the time-domain waveform is obtained by applying the inverse Fourier transform to the frequency-
domain signal in Eq. (20). As shown in the TFD obtained by STFT (see Fig. 5(b)), the GD curves of these modes cross with
each other, and it is difficult to accurately separate these modes by existing methods.

7
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The GDMD is employed to analyze this complicated dispersive signal. The relative error (RE) is defined to evaluate the
accuracy of the GD estimation as (unit: dB):

I£(f) —r<f>||§}
(22)
IT(HI3

where ¥ (f)denotes the estimated GD, t(f)stands for the true one. The initial values of the crossed GDs are obtained using
the TF ridge path regrouping algorithm in [42]. Herein the convergence tolerance level is set to tol = 1e — 8(see Fig. 4), and
different weighting factors (i.e.,, « = 1e — 3, le —4; v = 1le — 5, 1e — 7) are adopted. Under different parameter settings, the
GDMD iterates different times until the terminal condition is satisfied. Fig. 6illustrates the REs of the estimated GDs versus
iterations for the GDMD. It can be observed that, for different parameter settings, the GD estimation errors all rapidly de-
crease to very small values with the increasing of the iterations, showing a good convergence performance of the GDMD. It
also shows that, in the noise-free case, the GDMD with larger weighting factors converges faster since it has larger band-
width for the error compensation. The results in Fig. 6 demonstrate that the GDMD can accurately estimate GDs of crossed
dispersive modes.

RE = 1Olog1o{
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Fig. 7. Mode separation by GDMD for the signal in Eq. (20) (blue solid: estimated modes; red dashed: estimation errors). (a) Frequency-domain modes
(real part). (b) Time-domain modes.

Then, the mode separation performance of the GDMD is tested as shown in Fig. 7 where both of the reconstructed
frequency-domain and time-domain modes are provided. Herein the weighting factors in Fig. 6(a), i.e.,, « = 1e — 3, v = le —
7are adopted. It can be seen that, with the joint-estimation scheme of the GDMD, these overlapped modes can be fully
separated with high precision both in time and frequency domains. For comparison, the well-known DCM [32] designed for
dispersive mode separation is applied to analyze the multimodal signal as shown in Fig. 8. Since the DCM adopts a short-
time window to separate the dispersion-compensated modes, it will include all the signal contents near the intersections
when dealing with crossed modes. As a result, the DCM introduces large mode reconstruction errors where the modes are
crossing. In addition, the DCM suffers from severe end effects (in frequency domain; see Fig. 8(a)) due to the limitation of
the time window.

Next, the noise robustness of the algorithm is evaluated. First, the signal-to-noise ratio (SNR) is adopted to quantify the
noise level as (unit: dB):

2
SNR = 10log;, M”Zz (23)
I1SH =sih],

where S(f)stands for the noisy signal, S(f)denotes the theoretical one. Then, a white Gaussian noise is added to the signal
in Eq. (20) and the SNR of the obtained signal is 0 dB as shown in Fig. 9(a). The GDMD is employed to analyze such a
severely polluted signal. To reduce the noise interference, relatively small weighting factors, i.e., « = 1e — 5, v = 1e — 7are
employed in this case. Due to the limited space, instead of showing each extracted signal mode, the sum of these obtained
modes (SNR: 12.95 dB) by GDMD is illustrated in Fig. 9(b). It can be seen that, owing to the frequency-varying filtering
property (see Fig. 3), the GDMD can effectively exclude the noise and thus significantly enhance the SNR. It indicates that
the GDMD can be used as a powerful dispersive signal de-noising tool.

Then, to evaluate the performance of the TF representation, the TFD obtained by GDMD for the noisy dispersive signal
is compared with that by the SST, as shown in Fig. 10. Since the noise affects the local energy distribution of the signal,
the TFD by SST shows non-smooth oscillating patterns (see Fig. 10(a)). Conversely, the TFD by GDMD accurately represents
the smooth GD curves of the crossed modes and also clearly reveals their energy variations (see Fig. 10(b)). In this case, the
GDMD takes about 3.78 s to generate the TFD while the SST takes about 6.23 s.

To further show the advantages of the GDMD in noisy signal processing, we consider different input SNR levels and
compare the SNRs of the output signals by GDMD and DCM in Fig. 11. It can be seen that the GDMD obtains much better
de-noising results than the DCM especially when the input SNR is relatively high. It is because that the DCM cannot fully

9
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separate overlapped modes and the resulting errors become more obvious when there is less noise. In next section, practical
dispersive signals will be analyzed to demonstrate the effectiveness of the GDMD in industrial applications.

5. Real-life applications
5.1. Railway wheel fault diagnosis

Rail traffic plays a significant role in our daily life due to its strong transportation capability, good punctuality, high
security and etc. For a railway vehicle, one of the most important components is the wheel whose performance directly
affects the running stability and security of the vehicle. When a local defect occurs on the wheel (e.g., wheel flat), it will
cause a huge impact on the rail-wheel interface, resulting in damage to the track and other components of the vehicle [43].
It is worth noting that the transient impulse response caused by the local defect can be characterized by the GDM with a
relatively constant GD as defined in Eq. (5). Therefore, the proposed GDMD is applied to railway wheel fault detection in
this subsection.

Herein, a track inspection vehicle with a local wheel defect is considered, as shown in Fig. 12. The wheel defect will
cause abnormal vibration of the vehicle and thus seriously affect the accuracy of the track inspection. Hence, wheel fault
detection is necessary. The speed (denoted by v) of the vehicle is 20 km/h and the radius (denoted by R) of the wheel is
0.16 m. The repetition time (RT) of the impulse signals caused by the wheel defect can thus be calculated as:

RT — 2R _ 2w x 0.16
v 20/3.6

For the fault diagnosis, the vibration signal of the vehicle is acquired by accelerometers, as shown in Fig. 13. It can be
seen that some impulse contents can be observed indistinctly, however, the repetition feature of the impulses cannot be
clearly obtained due to the interference of the noise. Then, the GDMD is applied to extract the impulse signals caused by
the wheel defect. For comparison, we also consider the well-known kurtosis-guided band-pass filtering method [44]| which
is widely used for fault diagnosis of rotary machines, as shown in Fig. 14. It can be found that the obtained fault signal
by kurtosis-based filtering method is still noisy since it cannot remove the in-band noise. On the contrary, the GDMD can
effectively remove the in-band noise and the RT of the impulses can be clearly indentified (see Fig. 14(b)). The detected
RT matches with the theoretical one calculated in Eq. (24), indicating the presence of a local defect on the wheel. The
comparison of the TFDs of the vibration signal is provided in Fig. 15. It shows that the TFD obtained by SST suffers from
severe energy diffusion and thus gets very blurred. The GDMD can successfully characterize the transient impulses and thus

~ 0.18s (24)

1
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Fig. 13. Measured vibration signal of the vehicle. (a) Time-domain waveform. (b) STFT.
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Fig. 14. Extraction of the impulse fault signal of the vehicle. (a) Kurtosis-based filtering method (center frequency 117.19 Hz; bandwidth 78.13 Hz). (b)
GDMD (the sum of the 8 extracted impulse signals).

generate a high-resolution TFD for the fault signal. This example effectively demonstrates the potential application prospect
of the GDMD in machine fault diagnosis. In this case, the computation time of the GDMD and SST is 5.21 s and 3.67 s,
respectively. The GDMD takes a little bit more time due to the relatively large number of the signal modes (i.e., 8 signal
modes).

5.2. Lamb wave signal analysis

Lamb wave is a typical guided wave which propagates in a thin plate. Due to its low attenuation rate in long distance
propagation, Lamb wave has been widely applied in nondestructive testing and structure health monitoring. Lamb wave
signal is usually composed of anti-symmetric and symmetric modes, denoted by A;and S;with the order of i =0,1,---, re-
spectively. These modes exhibit strong dispersion properties and often overlap in the TF domain. How to accurately separate
these dispersive modes and extract their dispersion curves (or GD curves) has always been the difficulty in practical appli-
cations. In this subsection, the proposed GDMD is applied to address this challenging issue.

Herein, the experimental Lamb wave signal is excited and collected by a point source and receiver, laser system [10,11],
as shown in Fig. 16. The experimental specimen is an aluminum alloy plate with the thickness of 3.7 mm. The Lamb wave
is collected on the path with the propagation distance of 145 mm. Due to the limited frequency measurement range of the
laser system, the system will cause inaccurate measurement results for some high-frequency signal components. Therefore,

12
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Fig. 17. Experimental Lamb wave signal (0~1.1 MHz). (a) Time-domain waveform. (b) STFT.

only the measured Lamb wave signal in the range of 0~1.1 MHz is considered, as shown in Fig. 17. It can be seen that the
considered signal contains the A0 and SO modes which are overlapped in the TF plane and the resolution of STFT is not
enough to clearly represent the modes.

Then, the GDMD is applied to analyze the experimental Lamb wave signal. The overlapped signal modes are separated
as shown in Fig. 18. It can be seen that, at around 50us, the AO mode exhibits transient impulse behaviors which well
match with its TF patterns in Fig. 17(b). To further show the accuracy of the mode separation, the sum of the obtained
modes is compared with the original signal, and the results obtained by DCM are also provided for comparison, as shown
in Fig. 19. It can be observed that there exist large deviations between the reconstructed and the original signals during
50—100usfor the DCM (see Fig. 19(a)). As for the GDMD, considering that some noise components have been filtered out,
the reconstructed signal on the whole matches with the original signal well (see Fig. 19(b)). Finally, the TFDs of the Lamb
wave signal obtained by SST and GDMD are compared in Fig. 20. It shows that the TFD by SST is subjected to severe energy
spread especially for the AO mode which displays transient features at t = 50us. Conversely, the TFD by GDMD can clearly
represent the two overlapped signal modes. This example demonstrates the effectiveness of the GDMD in the analysis of
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Fig. 20. Comparison of the TFDs of the Lamb wave signal by (a) SST and (b) GDMD.

practical dispersive signals with strong dispersion properties. In this case, the computation time of the GDMD and SST is
1.42 s and 1.34 s, respectively.

6. Conclusions

In this paper, a powerful signal decomposition method called GDMD has been developed to fully separate multimodal
dispersive signals with crossed modes and accurately estimate their GDs. A general dispersive signal model called GDM
has been defined at first. Then, the GDMD has been formulated as an optimal DCM which can be effectively solved by an
iterative joint-estimation algorithm. Simulation and comparison results with the DCM and SST have been provided showing
that the GDMD has higher accuracy for the separation of overlapped dispersive modes, better de-nosing performance at
different SNR levels, and higher resolution for the TF representation of dispersive signals. Real-life applications in railway
wheel fault diagnosis and Lamb wave signal analysis have also been carried out, demonstrating that the GDMD can not only
characterize transient impulse fault signals but also guided waves with strong dispersion properties.
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