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ABSTRACT

In this paper, we propose a novel seismic time-frequency analysis method via the

time-reassigned synchrosqueezing transform (TSST), in which the time-frequency coefficients are
reassigned in the time direction rather than in the frequency direction as the short-time Fourier-based
synchrosqueezing transform (FSST) does. Such a technique can not only produce a highly concentrated
time-frequency representation (TFR) for a wide variety of strongly frequency modulated signal, but also
allow for the reconstruction of the modes with a high accuracy. Numerical experiments on synthetic signal
and field data demonstrate the effectiveness of this new method, and show that the proposed method is more
suitable for extracting seismic time-frequency feature and identifying the thin layers compared with the
traditional FSST, which offers the potential in highlighting subtle geological structures.

INDEX TERMS Time-reassigned synchrosqueezing transform, time-frequency representation, time local-

ization, frequency slice.

I. INTRODUCTION
Extracting useful information from large amounts of recorded
data is important for a large number of real-world applica-
tions [1]-[3]. Time-frequency analysis (TFA) method can be
applied to characterizing the non-stationary and nonlinear
seismic signal [4]-[8]. Traditional TFA approaches can be
roughly divided into two categories. The first one is the
linear transform based methods such as short-time Fourier
transform (STFT) [9], [10] and continuous wavelet transform
(CWT) [11], [12]. Although both transforms are invertible
and allow one to cope with the non-stationary signal, they
suffer from the Heisenberg uncertain principle, which limits
the adaptivity of the method itself [13]. The second type is
based on quadratic transform, e.g. Wigner-Ville distribution
(WVD) [14], [15]. Such method is characterized by high
time-frequency resolution, however, the strong interference
reduces the readability of TFR and the WVD is not invertible.
To solve those problems, many efforts have been made.
Auger and Flandrin (1995) provided a means of improv-
ing the TFR readability, termed as reassignment method
(RM) [16], which transforms the time-frequency coefficients
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to their corresponding center of gravity along both the time
axis and the frequency one. Unfortunately, the reassigned
transform is no longer invertible and does not allow for
mode reconstruction. Matching pursuit (MP) improves the
time-frequency resolution greatly by decomposing a seismic
trace into a series of wavelets which belong to a compre-
hensive dictionary of functions [17], [18]. However, the high
resolution is achieved at the cost of increased computational
burden. Han and van der Baan (2013) illustrated the suit-
ability of EMD-based algorithms for seismic time-frequency
analysis [19]. However, a lack of solid mathematical foun-
dation still limits the wide application of such methods.
Daubechies and Maes [20] developed a phase-based tech-
nique, called synchrosqueezing transform (SST) [20], [21].
It aims at improving the TFR by combining CWT and reas-
signment technique, and allowing for mode retrieval [22].
Meanwhile, Thakur and Wu (2011) proposed an extension
of SST to the STFT setting, i.e., so-called FSST [23],
which yields an excellent TFR and mode reconstruction,
and is proven to be robust to noise [24]. Subsequently,
several similar synchrosqueezing transforms based on dif-
ferent frameworks are emerging, such as synchrosqueezing
S-transform (SSST) [25], [26] and synchrosqueezing gen-
eralized S-transform (SSGST) [27], [28], which have been
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successfully used to analyze seismic data. However, it is
worth noting that the aforementioned techniques mostly reas-
sign the time-frequency energy in the frequency direction,
so that the strongly modulated multicomponent signal with
fast varying instantaneous frequency (IF) may not be satis-
factorily dealt with [29], [30].

In this paper, we proposed a new seismic TFA method
based on the TSST, in which the reassignment operation
is implemented in the time direction [31], rather than fre-
quency direction as the SST and FSST do. This results in
the perfect energy concentration on the TFR for the sig-
nal with fast varying IF. Meanwhile, the proposed method
allows for reconstruction of each component making up of
the input signal and the computation complexity remains
the same as the FSST. In addition, it is noteworthy that our
motivation is different from that presented in [32], where
the key idea is to only hold the time-frequency information
most related to time-varying features of the signal and to
remove most smeared time-frequency energy. We mainly
focus on the time-frequency coefficients reassignment in the
time direction. The contributions of the paper can be sum-
marized as below: (1) we first investigate the time-reassigned
property of TSST and achieve seismic time-frequency fea-
ture extraction via the TSST, (2) our method shows the
excellent potential in subtle geological structures charac-
terization compared to the conventional STFT and FSST
approaches.

The outline of this paper is as follows: in Section II,
some fundamental definitions on STFT and FSST are firstly
recalled. Then, we introduce the TSST and Rényi entropy,
and describe the practical implementation of the proposed
method. Section III delivers numerical results on both syn-
thetic and real examples, comparing the proposed method
with standard STFT and FSST. Finally, a discussion of the
results is given in section IV, and conclusions are drawn in
Section V.

Il. THEORY
A. SHORT-TIME FOURIER TRANSFORM
The (modified) STFT of a given signal f is defined as follows:

Vi (t,n) = / f(D)g (T —1)e 2 mqe, (1
R

where g is a real-valued and symmetrical window function,
and |Vf (t,n) }2 is called the spectrogram of signal f. Further-
more, the original signal / can be reconstructed from its STFT
by the following equation:

Fo) = / / Vg (= 0 T Dy, (@)
R

B. STFT-BASED SYNCHROSQUEEZING TRANSFORM (FSST)
The purpose of FSST is to sharpen the blurry STFT rep-
resentation by reassigning the time-frequency coefficients

of Vj (t.n) from the (1.7) to (1. a (. n)), so that the
energy-concentrated TFR is obtained.

VOLUME 9, 2021

The local instantaneous frequency estimation at time ¢
and frequency n based on the (modified) STFT, cgf (t,n),

is defined by:

3)

= en )

2V (1. 1)

where 9, is the partial derivative with respect to ¢, R {e}
denotes the real part of a complex number.

The FSST using the synchrosqueezing operator is defined
as follows:

1
T (1, 0) = —

A
Vi, m)é(w—ar(t,n))dn,
g (0) |Vy(t,ﬂ)|;>y kf ( f‘ )

4)

where § is the Dirac distribution, w is the frequency variable,
and y is some threshold.
The ith mode can be approximately retrieved by:

fi() = / Ty (1, w)dw, )
lwo—gi(t)|<d

where ¢; (¢) is an estimate of (plf (1), in which ¢; (¢) is the phase
function of the ith mode of an AM-FM signal defined by:

M
f @)=Y A ®, (6)
i=1
where A; (¢) and ¢; (¢) are the instantaneous amplitude and
instantaneous phase of the ith mode, respectively.

It’s important to note that the FSST squeezes the
time-frequency coefficients along the frequency direction,
which is suitable for a class of weak frequency modulated sig-
nals. However, for strong frequency modulated ones, it usu-
ally does not give a satisfactory result. Thus, a more advanced
TFA method is required.

C. TIME-REASSIGNED SYNCHROSQUEEZING
TRANSFORM (TSST)

Unlike FSST, the TSST reassigns the time-frequency energy
in the time direction, and preserves the invertible proper-
ties [31]. Now, we consider an impulse signal defined as
follows:

f5 (1) =Ad(r —10). (N

The standard STFT of signal f; (t) with the real symmetric
window g (7) is described as:

V}éf; (u,m) = /fa (1)g (t — u) e g

= A/a (t—1)g(t —u) e dr, (8)

where u and n are the time variable and the frequency vari-
able, respectively.
Then we have

0,V () = —i2xzo - VE (w1 ©)
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Thus,

0y VE (. 1)

- (10)
1271V];§ (u, n)

0 =

Note that Eq. (10) is different from the conventional group
delay (GD), in which the (modified) STFT is used. Herein,
we define the (generalized) GD estimator of the impulse
signal f5 () is defined as:

A
tr (u,n) = —R
i (at.) |:i271Vf§ )

The TSST is defined as:

Tf(t,n)=/ ng(u,n)(s(z—ﬁc(u,n))du, (12)
Y

where ¥ (n) = ju € R; ‘Vfg (u,n)| > y}. Eq. (12) shows
that the TSST reassigns the information from the (u, n) plane

to the t?c (u, n), n ) instead of the (u cgf (u, n)) plane in the

traditional FSST.
Finally, the signal reconstruction from TSST is achievable
by:
1
fo=—
27 8 (0)

[/Rsz (t, )™ didn.  (13)

D. Rényi ENTROPY
In the paper, we employ the Rényi entropy to assess the
distribution concentration of a TFR [33].

The a-Rényi entroy with regard to a nonzero function s is
described as follows:

2a
Ry (s) = N ia10g2<”5‘”2a> ) (14)

lIsll2

where [isll, = ([ s (x)l“dx)l/a and « > 0. Generally
speaking, « > 2 is recommended for TFR measure [34], and
we choose @ = 3 in this paper. A lower Rényi entropy means
the more concentrated TFR.

The measure of distribution concentration is defined as:

A
Coq (u) := T alog2E, (15)

and,
A= //1 \Ty (¢, )| ded, (16)

B = (//1 Ty @, n)|2dtdn> . (17)

where u denotes the time instant, d is the size of the neighbor-
hood, and I, := [u — d, u + d] x [0, 00). Herein, the parame-
ter d is set to 0.12 by several trials because of its insensitivity
to the final result.
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FIGURE 1. The time-frequency feature extraction flow chart.
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FIGURE 2. A synthetic signal (a) composed of two components (b) and
(c), and its noisy version with a SNR of 2 dB (d).

E. PROCEDURE OF THE PROPOSED METHOD

Figure 1 illustrates the proposed seismic time-frequency fea-
ture extraction workflow, and the detailed implementation
steps are summarized as follows:

Step 1: Determine the window duration parameter and the
threshold applied on window value.

Step 2: Perform TSST on the input signal to calculate time-
frequency coefficients.

Step 3: Obtain the TFR.

Step 4: Select the characteristic frequency within the fre-
quency band of seismic signal.

Step 5: Repeat steps (1) through (4) for all traces in the
seismic data.

Step 6: Extract different frequency slices.

In the TSST algorithm, the window duration parameter
(o) and threshold (y) are two key parameters. The o is
often related with the time-frequency energy concentration,
while the y controls the computation accuracy with mode
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FIGURE 3. Time-frequency maps of the synthetic signal (Figure 2(a)). (a) STFT, (b) FSST, and (c) TSST. The STFT exhibits the poorer
time-frequency resolution, the FSST displays smearing along the IF trajectories and the TSST delineates the IFs corresponding to

individual components well.
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FIGURE 4. Enlarged time-frequency maps from Figure 3. (a) STFT, (b) FSST, and (c) TSST. The TSST achieves a highly

concentrated TFR than STFT and FSST.

retrieval. It could result in a blurred TFR and the inaccurate
signal reconstruction if the parameters are not appropriately
selected. In practice, the o and y can be obtained by several
trials.

Ill. EXAMPLES

A. SYNTHETIC DATA

First, we investigate the performance of the proposed method
using a synthetic signal (Figure 2(a)), which is composed of
two components:

s = sin (2;1 (330/%: + 16 cos (3/«/@7”)))

+ sin (271 (190/mt + 9cos (3/mm>))
te[0,1]. (18)

We calculate the time-frequency maps using the STFT,
FSST and TSST, respectively. We select the window dura-
tion parameter for the proposed method to o = 18, and a
threshold parameter y is set as 0.00001. The results are shown
in Figure 3. It can be observed that the STFT suffers from a
poor time-frequency resolution due to its fixed window (see
Figure 3(a)), the FSST further improves the time-frequency
energy concentration of the STFT, but the time-frequency
coefficients still spread out along the IF trajectories, which
result in a blurred TFR (see Figure 3(b)). By contrast,
the TSST achieves the best TFR result (see Figure 3(c)). This
is because the TSST reassigns the time-frequency energy in
the time direction, which is more beneficial to characterizing
the signal made up of strongly modulated modes. For a better
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view, we enlarge a local area from Figure 3 (see the pink rect-
angle), which is plotted in Figure 4. As illustrated in Figure 4,
the time-frequency energy is perfectly concentrated by the
use of TSST in comparison with STFT and FSST, and the
TSST can better delineate each component constituting the
synthetic signal.

To demonstrate the TSST’s robustness with respect to
noise, a series of noisy signals with the different signal-to-
noise ratios (SNRs) ranging from 0 to 30 dB are generated by
adding the white noise into the synthetic signal. Figure 2(b)
shows a result with a SNR of 2 dB, the time-frequency
maps obtained by using STFT, FSST, and TSST are present
in Figure 5, and the corresponding enlarged versions are
displayed in Figure 6. Our method is run with the same
parameters as that in Figure 3. It can be clearly seen that the
noise has a strong influence on time-frequency feature in the
STFT result (see Figures 5(a) and 6(a)). The FSST produces
a blurry TFR (see Figures 5(b) and 6(b)), which is not good
for IF estimation. However, the TSST still exhibits the better
time-frequency energy concentration (see Figures 5(c) and
6(c)), in which the local feature can be characterized well.
In this sense, the TSST has better noise robustness.

Then, we employ the Rényi entropy to evaluate the per-
formance of different TFA methods quantitatively. A lower
Renyi entropy value means a more concentrated TFR.
As reported in Figure 7, the TSST result has the lowest
Rényi entropy among all mentioned TFA methods, which
indicates that it can produce the most energy-concentrated
TFR.
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FIGURE 5. Time-frequency maps of the noisy signal (Figure 2(b)). (a) STFT, (b) FSST, and (c) TSST. In the results of STFT and FSST,
the noise has a greater impact on time-frequency feature compared to that from TSST.
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FIGURE 6. Enlarged time-frequency maps from Figure 5. (a) STFT, (b) FSST, and (c) TSST. The TSST can better
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FIGURE 7. Rényi entropies of the TFRs obtained from different TFA
methods under different noise levels. The TSST result achieves the
minimum in each noise level.

B. FIELD DATA

In this section, a field data (Figure 8(a)) is employed to
test the proposed method and compare to the STFT and
FSST approaches. This data is composed of 150 traces with
500 samples per trace and a sampling interval of 2 ms. We first
take the seismic trace 75, which is plotted in Figure 8 (b),
and apply STFT, FSST, and TSST on the data, the results
are shown in Figure 9. For this example, the parameters
o and y are selected as 30 and 0.00005 in the proposed
method, respectively. As can be clearly seen, all TFRs exhibit
some similar features including the strong spectral energy
at 0.20s, 0.33s and 0.73s, and a decrease in spectral energy
with time. More specifically, the STFT produces a poorer
TFR owing to its intrinsic shortcoming. The FSST and TSST
present more detailed information than the STFT due to
the higher time-frequency resolution of both methods. How-
ever, the TSST is obviously superior to the FSST in time
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FIGURE 8. Field data (a) and its trace 75 (b).

localization, which facilitates the accurate characterization
of transient spectral anomalies. The key reason is that the
reassignment operation is implemented along the time direc-
tion in the algorithm of TSST, rather than the frequency
direction as the FSST does. In addition, we also test the
reconstruction accuracy with regard to TSST, which is shown
in Figure 10. As illustrated, there is nearly no observable
difference between the original and reconstructed signals.
The TSST has a nearly perfect reconstruction with an overall
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FIGURE 9. TFR results of trace 75. (a) STFT, (b) FSST, and (c) TSST. All
results show a decrease in frequency content over time, but the FSST and
TSST results are least smeared.
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FIGURE 10. Reconstructed signal (a) and reconstruction error (b). The
TSST provides a good estimation. There is no obvious difference between
the recovered signal and the original one, and the reconstruction error is
negligible.

MSE (Mean Squared Error) value of 0.0973 (Figure 10(a))
and a negligible reconstruction error (Figure 10(b)).

Finally, we apply the three methods to all traces in the
field data and extract the 40Hz and 55Hz frequency slices.
Figure 11 shows the STFT, FSST, and TSST results. It can
be clearly seen that both of STFT and FSST show a set of
relatively blurred frequency slices (Figures. 11(a), (b), (d),
and (e)), and cannot effectively highlight the structural and
geological information. The STFT brings out a whole spectral
content with the poorer time-frequency resolution due to the
Heisenberg uncertainty principle (Figure 11(a)), while The
squeezing along the frequency axis heavily reduces the time
resolution of the FSST, so that it barely identifies the thin

VOLUME 9, 2021

TABLE 1. Computational costs of the STFT, FSST, and TSST.

Data STFT FSST TSST
Synthetic data 0.95s 1.42s 1.15s
Field data 35.68s | 41.80s | 38.25s

layers between 0.2s and 0.35s (Figure 11(b)). By contrast,
The TSST depicts a cleaner spectral representation with
higher time-frequency resolution and better geological struc-
tures. Furthermore, the main reflectors located at 0.1s, 0.2s
and 0.35s (indicated by the arrows in Figures 11(c) and (f))
are well identified, which is very crucial in seismic
interpretation.

In addition, we also evaluate the computation costs of
the aforementioned methods operating on synthetic and real
examples, which are listed in Table I. As reported in Table I,
the STFT takes the shortest time, the FSST and TSST are
almost equivalent in time while the latter is a little shortern,
which means the TSST remains the same level of computa-
tion complexity as the FSST. All experiments are done on a
PC station equipped with an Intel Pentium Duo Core CPU
clocked at 2.53 GHz and 2 GB of RAM.

IV. DISCUSSION

TFA is one of widely used tools for characterizing the
time-varying feature of a non-stationary signal. The STFT
usually fails to produce a satisfactory result due to the Heisen-
berg uncertainty principle. The original SST and its extended
version such as FSST reassign the time-frequency coeftfi-
cients in the frequency direction, thus, they are more suitable
for analyzing the weak frequency modulated signal. In the
TSST method, the reassignment operation is implemented
in the time direction and the GD estimator is employed to
replace the instantaneous frequency estimator in the original
SST, which enable it to generate a highly concentrated TFR
for a wide variety of strongly time-varying signal. From the
comparison with STFT and FSST methods, it can be clearly
seen that the TSST can better achieve the feature extraction
based on the temporal localization. In addition, it is worth
noting that the signal reconstruction is the main advantage
of TSST over RM, which means that we can make the most
of the invertible property of TSST for signal denoising and
mode retrieval.

In the algorithm of TSST, two parameters that need to
be predefined, window duration parameter o and thresh-
old y, usually play an important role. The window duration
parameter determines the energy concentration of a TFR,
the threshold parameter controls the signal reconstruction
accuracy. Now, we take the synthetic signal in Figure 2(a)
for an example to test the above-mentioned parameters.
In Figure 12, the effect of the window duration parameter
variations is shown on time-frequency energy concentration.
As can be observed from Figure 12, a larger value will result
in inaccurate IF estimation (see Figure 12(a)) while a smaller
value may reduce the energy concentration of a TFR (see
Figure 12(b)). Thus, a suitable compromise solution is often
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required by several trials in practice. Then, we calculate
the MSE for various values of the threshold parameter. The
obtained result is shown in Figure 13. As can be clearly
seen, the MSE has a slightly increasing against the large
variations of the threshold parameter, hence, the TSST is not
very sensitive to the threshold parameter.

In terms of computational cost, experimental results indi-
cate that the TSST and the FSST are almost equivalent and
slightly higher than the STFT. Although the TSST shows
great advantage in characterizing strongly time-varying
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signal, it does not seriously reduce the computational effi-
ciency. Therefore, the TSST can be applied to seismic pro-
cessing in the real world.

V. CONCLUSION

In this paper, we present a new approach for seismic
time-frequency analysis method based on the TSST. Such a
method allows us to better handle a wide variety of strongly
time-varying signal. The advantage of the proposed method
is demonstrated by numerical experiments both for synthetic
and real data. It successfully produces a highly concen-
trated TFR by reassigning the time-frequency coefficients
in the time direction compared with other methods such as
the STFT and FSST, while allows for better inevitability
of the TFR. Thus, the proposed method is more suitable
for characterizing the non-stationary seismic signals with
strongly time-varying feature, which could probably help
to better understand the subtle geological structures. Future
works include the behavior analysis of this method when
applied to seismic data with complex noise, and developing
new applications.

ACKNOWLEDGMENT

The authors would like to thank associate editor Prof. Wei-
Wen Hu and four anonymous reviewers for their constructive
comments that improve the paper greatly.

REFERENCES

[1] Y. Chen and S. Fomel, “Random noise attenuation using local signal-
and-noise orthogonalization,” Geophysics, vol. 80, no. 6, pp. WD1-WD?9,
Nov. 2015.

M. A. N. Siahsar, S. Gholtashi, V. Abolghasemi, and Y. Chen, “Simul-
taneous denoising and interpolation of 2D seismic data using data-driven
non-negative dictionary learning,” Signal Process., vol. 141, pp. 309-321,
Dec. 2017.

[2]

VOLUME 9, 2021



P. Bing et al.: Seismic TFA Based on TSST

IEEE Access

[3]

[4]

[51

[6]

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

W. Liu and Z. Duan, “Seismic signal denoising using f — x variational
mode decomposition,” IEEE Geosci. Remote Sens. Lett., vol. 17, no. 8,
pp. 1313-1317, Aug. 2020.

T. J. Gardner and M. O. Magnasco, ‘““Sparse time-frequency representa-
tions,” Proc. Nat. Acad. Sci. USA, vol. 103, no. 16, pp. 6094-6099, 2006.
P. Wang, J. Gao, and Z. Wang, “Time-frequency analysis of seismic data
using synchrosqueezing transform,” IEEE Geosci. Remote Sens. Lett.,
vol. 11, no. 12, pp. 2042-2044, Dec. 2014.

W. Liu and W. Chen, ‘“Recent advancements in empirical wavelet trans-
form and its applications,” IEEE Access, vol. 7, pp. 103770-103780, 2019.
S. Li, B. Liu, Y. Ren, Y. Chen, S. Yang, Y. Wang, and P. Jiang, “Deep-
learning inversion of seismic data,” IEEE Trans. Geosci. Remote Sens.,
vol. 58, no. 3, pp. 2135-2149, Mar. 2020.

G. Zhang, J. Duan, Y. Li, C. He, H. Du, F. Luo, Y. Zhan, and J. Wang,
“Adaptive time-resampled high-resolution synchrosqueezing transform
and its application in seismic data,” IEEE Trans. Geosci. Remote Sens.,
vol. 58, no. 9, pp. 6691-6698, Sep. 2020.

J. Allen, “Short term spectral analysis, synthesis, and modification by
discrete Fourier transform,” IEEE Trans. Acoust., Speech, Signal Process.,
vol. ASSP-25, no. 3, pp. 235-238, Jun. 1977.

C. Pang, Y. Han, H. Jou, S. Liu, and N. Zhang, “Micro-Doppler signal
time-frequency algorithm based on STFRFT,” Sensors, vol. 16, no. 10,
pp. 1559-1575, 2016.

F.Li, B. Wu, N. Liu, Y. Hu, and H. Wu, “Seismic time—frequency analysis
via adaptive mode separation-based wavelet transform,” IEEE Geosci.
Remote Sens. Lett., vol. 17, no. 4, pp. 696-700, Apr. 2020.

C. C. Papageorgiou, G. T. Kouroupetroglou, X. P. Stachtea,
P. C. Papageorgiou, A. K. Mavromatos, G. P. Chrousos, N. K. Logothetis,
and E. Tsaltas, “Perspective-taking in blindness: An event-related brain
potentials study with the continuous wavelet transform,” IEEE Access,
vol. 8, pp. 76657-76670, 2020.

S. Yuan, Y. Ji, P. Shi, J. Zeng, J. Gao, and S. Wang, “Sparse Bayesian
learning-based seismic high-resolution time-frequency analysis,” IEEE
Geosci. Remote Sens. Lett., vol. 16, no. 4, pp. 623-627, Apr. 2019.
S.Liu, Y. Zhang, T. Shan, S. Qin, and M. Amin, *“Structure-aware Bayesian
compressive sensing for frequency-hopping spectrum estimation,” Proc.
SPIE, vol. 9857, May 2016, Art. no. 98570N.

K. Cai, W. Cao, L. Aarniovuori, H. Pang, Y. Lin, and G. Li, “Classification
of power quality disturbances using Wigner-Ville distribution and deep
convolutional neural networks,” IEEE Access, vol. 7, pp. 119099-119109,
2019.

F. Auger and P. Flandrin, “Improving the readability of time-frequency
and time-scale representations by the reassignment method,” IEEE Trans.
Signal Process., vol. 43, no. 5, pp. 1068-1089, May 1995.

Y. Wang, “Seismic time-frequency spectral decomposition by matching
pursuit,” Geophysics, vol. 72, no. 1, pp. V13-V20, Jan. 2007.

Z.Li, P. Wang, D. Wang, Z. Li, M. Sun, Z. He, and Y. Ding, “Hydrocarbon
identification based on bright spot technique by using matching pursuit and
RGB blending,” IEEE Access, vol. 8, pp. 184731-184743, 2020.

J. Han and M. van der Baan, “Empirical mode decomposition for seis-
mic time-frequency analysis,” Geophysics, vol. 78, no. 2, pp. 09-019,
Mar. 2013.

I. Daubechies and S. Maes, “A nonlinear squeezing of the continuous
wavelet transform based on auditory nerve models wavelets in medicine
and biology,” in Wavelets in Medicine and Biology. Boca Raton, FL, USA:
CRC Press, 1996, pp. 527-546.

I. Daubechies, J. Lu, and H. T. Wu, “Synchrosqueezed wavelet transforms:
An empirical mode decomposition-like tool,” Appl. Comput. Harmon.
Anal., vol. 30, no. 2, pp. 243-261, Mar. 2011.

W. Liu, W. Chen, and Z. Zhang, “A novel fault diagnosis approach
for rolling bearing based on high-order synchrosqueezing transform and
detrended fluctuation analysis,” IEEE Access, vol. 8, pp. 12533-12541,
2020.

G. Thakur and H.-T. Wu, “Synchrosqueezing-based recovery of instanta-
neous frequency from nonuniform samples,” SIAM. J. Math. Anal., vol. 43,
no. 5, pp. 2078-2095, Sep. 2011.

T. Oberlin, S. Meignen, and V. Perrier, ‘“The Fourier-based synchrosqueez-
ing transform,” in Proc. IEEE Int. Conf. Acoust., Speech Signal Process.
(ICASSP), May 2014, pp. 315-319.

Z.-L. Huang, J. Zhang, T.-H. Zhao, and Y. Sun, “Synchrosqueezing S-
transform and its application in seismic spectral decomposition,” IEEE
Trans. Geosci. Remote Sens., vol. 54, no. 2, pp. 817-825, Feb. 2016.

VOLUME 9, 2021

(26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

N. Liu, J. Gao, B. Zhang, F. Li, and Q. Wang, ““Time—frequency analysis of
seismic data using a three parameters s transform,” IEEE Geosci. Remote
Sens. Lett., vol. 15, no. 1, pp. 142-146, Jan. 2018.

Q. Wang, J. Gao, N. Liu, and X. Jiang, “High-resolution seismic time—
frequency analysis using the synchrosqueezing generalized S-transform,”
1IEEE Geosci. Remote Sens. Lett., vol. 15, no. 3, pp. 374-378, Mar. 2018.
M. C. B. Andrade, M. J. Porsani, and B. Ursin, “Complex autoregres-
sive time-frequency analysis: Estimation of time-varying periodic signal
components,” IEEE Signal Process. Mag., vol. 35, no. 2, pp. 142-153,
Mar. 2018.

T. Oberlin, S. Meignen, and V. Perrier, “Second-order synchrosqueezing
transform or invertible reassignment? Towards ideal time-frequency rep-
resentations,” IEEE Trans. Signal Process., vol. 63, no. 5, pp. 1335-1344,
Mar. 2015.

D.-H. Pham and S. Meignen, ‘““High-order synchrosqueezing transform
for multicomponent signals analysis—With an application to gravitational-
wave signal,” IEEE Trans. Signal Process., vol. 65, no. 12, pp. 3168-3178,
Jun. 2017.

D. He, H. Cao, S. Wang, and X. Chen, “Time-reassigned synchrosqueezing
transform: The algorithm and its applications in mechanical signal process-
ing,” Mech. Syst. Signal Process., vol. 117, pp. 255-279, Feb. 2019.
Z.Li,J. Gao, and Z. Wang, “A time-synchroextracting transform for the
time—frequency analysis of seismic data,” IEEE Geosci. Remote Sens.
Lett., vol. 17, no. 5, pp. 864-868, May 2020.

Y.-L. Sheu, L.-Y. Hsu, P.-T. Chou, and H.-T. Wu, “Entropy-based time-
varying window width selection for nonlinear-type time—frequency analy-
sis,” Int. J. Data Sci. Anal., vol. 3, no. 4, pp. 231-245, Jun. 2017.

L. Stankovié, “A measure of some time-frequency distributions concentra-
tion,” Signal Process., vol. 81, no. 3, pp. 621-631, 2001.

PINGPING BING received the Ph.D. degree in
geophysics from China University of Petroleum,
Beijing, China, in 2012. She is currently a Lecturer
with Changsha Medical University. Her research
interests include optimization algorithm, signal
analysis and model prediction, and deep learning.

WEI LIU received the B.E. degree in exploration
geophysics from China University of Petroleum
(East China), Qingdao, China, in 2006, the M.S.
degree in exploration geophysics and the Ph.D.
degree in geological resources from China Uni-
versity of Petroleum, Beijing, China, in 2009 and
2016, respectively. He is currently working as
a Lecturer with Beijing University of Chemical
Technology. His research interests include signal
analysis and processing, seismic data processing

and interpretation, and mechanical fault diagnosis.

YANG LIU received the B.E. degree in safety
engineering from Beijing University of Chemi-
cal Technology, in 2020, where he is currently
pursuing the M.E. degree. His research interests
include seismic signal analysis, deep learning, and
intelligent fault diagnosis.

133693



