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on an improved
synchrosqueezing transform
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Technology, China Electronics Technology Group Corporation, Beijing, China, *School of Geophysics
and Information Technology, China University of Geosciences, Beijing, China

This study proposes a high-resolution processing technique for seismic data
based on the improved synchrosqueezing transform (SST). The SST rearranges
the complex spectrum of the wavelet transform along the frequency axis.
However, the energy is not concentrated in the position with the faster
frequency change rate. To overcome these problems, the proposed method
first transformed the seismic signal into an analytical one via Hilbert
transformation and then determined the phase correction value (xOf(t))
before and after the transformation. This was achieved using the
instantaneous frequency attribute (w(t)) of the analytical signal and a specific
frequency (w0) selected as the dominant frequency of the input data to adjust
the change rate of the signal frequency before the SST falls close to zero, which
can improve the time—-frequency resolution after compression transformation.
The essence of this method only adjusts the phase of the signal before and after
transformation, without affecting the inverse expression of the SST. The one-
and two-dimensional model data results show that the proposed method can
better identify the time—frequency distribution characteristics of seismic signals
and improve their resolution and the focusing effect in the time-frequency
domain. The proposed method shows good prospects for application in gas
reservoir detection and identification.

KEYWORDS

improved  synchrosqueezing transform, generalized Fourier transform,
time—frequency analysis, seismic data, high resolution

Highlights

1) A new high-resolution processing technique for seismic data.

2) The improved synchrosqueezing transform based on the generalized Fourier
transform.

3) The phase correction value is calculated using the instantaneous frequency of
seismic data.

4) Both synthetic signal and actual data results show remarkable improvement.

5) The new method has a good application prospect in resource exploration.
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1 Introduction

With the deepening of exploration and development of oil
and gas fields, exploration and development are becoming
increasingly difficult. Considering that seismic signals are
typical non-stationary signals in nature, the time-frequency
analysis technology in modern signal processing can obtain
the change process of seismic signals in the time and
frequency domains at the same time and extract effective
time—frequency characteristics for lithology and fluid
interpretation. This study proposes a time-frequency analysis
method to improve the time-frequency resolution of seismic data
(Li et al., 2004; Wu and Liu, 2009; Han and Van der Baan, 2013).

At present, Fourier transform (FT) is still the most
commonly used time-frequency transform method in signal
analysis. With the gradual deepening of research on non-
stationary signals, researchers have proposed a series of signal
analysis techniques aimed at the problems existing in FT, among
which the short-time Fourier transform (STFT) (Potter and
Steinberg, 1950; Potter et al, 1966) and wavelet transform
(WT) (Morlet et al, 1982a; 1982b) are the two primary
methods (Abry et al., 1993; Sinha et al., 2005; Daubechies,
2004; Gao et al., 2006; Chen and Gao, 2007). In order to
improve the time-frequency resolution of STFT, Kodera et al.
(1976)  first
rearrangement technique and later generalized it to any

proposed the time-frequency spectrum
bilinear time-frequency or time-scale representation by Auger
and Flandrin (1995). Since this method has no accurate inverse
transformation, mathematically, it did not receive widespread
attention in the years soon after its development. Recently, with
the increasing difficulty of exploration and development, the
time-frequency spectrum rearrangement method has attracted
extensive attention in the field of seismic exploration (Odegard
et al., 1997; Han, 2013; Shang, 2014; Kahoo and Siahkoohi, 2009;
Pedersen et al., 2003).

The synchrosqueezing transform (SST) is similar to the
time-frequency spectrum rearrangement method, which was
proposed by Daubechies et al. (2011). In essence, it
recalculates a position close to the real coordinates of the
time-frequency energy spectrum so as to rearrange the energy
according to it. In recent years, SST has been applied in the
rearrangement  of  various  original  time-frequency
representations, including the continuous wavelet transform
(CWT) (Daubechies et al., 2011), wave packet transforms
(Wang and Gao, 2017), STFT (Oberlin et al, 2014), S
transform (Huang et al., 2016), and generalized S transform
(Wang et al., 2018). In addition, some new techniques based on
the notion of the SST have been proposed, such as the high-order
synchrosqueezed transform (Liu W. et al., 2018), concentration
of frequency and time (ConceFT) (Daubechies et al, 2016),
synchroextracting transform (Yu et al, 2017), and others (Li
and Liang, 2012; Thakur et al., 2013; Liu N. et al., 2018; Xue et al.,

2019).
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Most of the abovementioned methods have been used in
seismic signal processing (Huang et al., 2016; Wang and Gao,
2017; Wang et al., 2018). In addition to this, Herrera et al. (2014)
applied the SST to time-frequency analysis of seismic signals for
the first time and compared it with CWT and complete ensemble
empirical mode decomposition (CEEMD) in detail, which
verified the superiority of this method in the time-frequency
analysis of seismic signals. Herrera et al. (2015) adopted the
technology of P- and S-wave separation based on the SST and
verified the method through an example. Siahsar et al. (2016)
developed a random noise elimination technique based on the
SST and verified the effectiveness of the algorithm through a test
case as well. The SST based on the STFT was introduced in
seismic data analysis by Wu and Zhou (2018). The method
reassigns the STFT values to different points to produce a
concentrated time-frequency map.

In these studies, Li and Liang (2012) found that the resolution of
the SST could be further improved by adding a phase factor to the
traditional SST process via the notion of the generalized Fourier
transform (GFT). For signals whose frequency content changes
rapidly with time, this method can increase the resolution in order to
identify the time-frequency distribution characteristics. Therefore,
this method may provide an opportunity for improving the
processing of seismic data through time-frequency analysis
techniques. The key to this method is obtaining the phase factor,
which is related to the instantaneous frequency of the signal. For
stationary signals, the instantaneous frequency is a constant, while
for non-stationary signals, the instantaneous frequency is a function
of time t. As a seismic wave propagates in the underground medium,
energy absorption, attenuation, and scattering occur, leading to a
complicated time-frequency relationship in seismic waves.
Therefore, accurately obtaining the instantaneous frequency of
actual seismic data is key to high-resolution processing in the
field of petroleum exploration.

In this study, we attempted to calculate the phase factor using
the instantaneous frequency of seismic data, extracted by using a
complex signal analysis technique based on the Hilbert
transform, and present a high-resolution processing technique
for seismic data based on the improved SST. In order to prove the
feasibility of this approach, synthetic 1D- and 2D-models and
actual seismic data from the Tuha Basin, in the Xinjiang
autonomous region of China, were tested as an example. This
study is divided into five sections. Section 1 contains the
introductory content; Section 2 describes the theory and
method of the improved SST; Sections 3 and 4 show the
calculation results for the method to model data and real
seismic data; and Section 5 discusses the results.

2 Materials and methods

The approach proposed in this study is to adjust the frequency
change rate of a signal by some reversible means and map it to a
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specific frequency, w0, before performing the SST. In order to
achieve the aforementioned process, it is necessary to find a
reversible transformation, which can have a certain influence on
the frequency change rate of the signal but will not affect the
accuracy of the time spectrum or the effect of the inverse
transformation. We attempted to obtain the phase factor using
the instantaneous frequency of seismic data, extracted by a complex
signal analysis technique based on the Hilbert transform. In the
following sections, we briefly describe the theory of SST and GFT
and illustrate the improved SST proposed in this study.

2.1 Brief recap of the SST and GFT

The CWT of a signal s(t) is (Daubechies and Maes, 1996)

t-b

W, (a,b) = js(t) %w*(—)dt, (1)

a

where y* is the complex conjugate of the mother wavelet, and
b is a time shift factor, which is scaled by a. According to the
scaling and shifting method, the signal is analyzed at a multi-scale
by the CWT (Kahoo and Siahkoohi, 2009).

Based on Parseval’s theorem in the Fourier domain, the CWT
of a signal s(t) can be rewritten into the expression of the
frequency domain as follows:

1 " ,
Woab) =5 [SOVAY @ ew @bt Q)
In order to facilitate the derivation, the seismic signal is
assumed to be only a harmonic wave s(t) = Acos(wt). The
Fourier pair S(§) = mA[§(§ — w) + 6 (¢ + w)] can be inserted
into Eq. 2 as follows:

A
Wab) = 5 Va [ 8- )+ 6+ )Y (ab) exp (b

= ? Va¥” (aw) exp (ibw).
(©)

Theoretically, if the FT coefficient of the wavelet ¥* (£) is
concentrated around the central frequency & = w, then W (a, b)
will be concentrated around the scale a = wy/w. However, in
practice, the energy of the wavelet coefficients often diffuses
along the scale a direction, which generates the smearing effect in
the time-frequency representation (Daubechies et al., 2011).
Daubechies and Maes (1996) found that smearing has little
effect along the time b axis. For this reason, the instantaneous
frequency ws(a,b) can be calculated by taking the partial
derivatives for all W (a,b) # 0:

. -1 0
ws (a,b) = —=i(W(a, b)) a—th(a, b). (4)

Eq. 4 expresses the mapping between the time-scale and

time-frequency domains, ie., (b,a) — (b,w(a,b)). Every
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point (b,a) can be mapped to (b,ws(a,b)) using this
equation. If the sum of every wavelet coefficient at point
(b,a) is converted to (b,w;s(a,b)), the smearing problem
can be improved. Because a and b are discrete values, we
can define a scale step (Aa), = ax —ax-; and frequency step
(Aw)g = wg — wy-;. Therefore, the time-frequency spectrum
after SST is expressed as follows:

)

ag: |w(ak,b)—w1| <Aw/2

Ts (wlr h) = (Aw)% W (ak’ b)a?/z (Aa)k> (5)

Eq. 5 is the new time-frequency representation of the
signal T(a;,b) according to synchrosqueezing along the
frequency axis only (Li and Liang, 2012). The inverse
transformation of the SST can be obtained by integrating
both sides of Eq. 2 as follows:

1

JWS (a,b)a**da =
2m
0

j js (¥ (at) exp (ibE)a dadt
—00 0 (6)

Ty @[ LT .
- (jw <af>£)*<2ﬂjs<s> exp(zbf)d«f).

0 0

By taking C, = f W (£) % the inverse transformation of the
SST can be obtained as follows:

s(t) = Re [c; D Ts(wl,b)Aw]. @)
]
This study adopts a generalized Fourier transform to
complete the aforementioned process. The GFT of a signal
s(t) is expressed as follows (Detka and El-Jaroudi, 1996):

Sg(w) = J s(t)exp (- j2m(wt + x, (£)))dt,

—00

®)

where x (t) is a real-valued function of ¢, which is used to
represent the phase change of the signal. On expanding this
equation, it can be found that the GFT of s (¢) is equivalent to the
standard FT of s (t) exp (—j2mx, (t)). Therefore, the inverse GFT
of Sg (w) is

+00

s(t) = exp(j2mxo (1)) J S (w) exp (j2nwt)dw.

—00

®

By taking Sg(w) = §(w —wp), Eq. 9 can be rewritten as
s(t) = exp (i2m (wot + %o (t))). It can be found that signal s(t)
can be mapped to a specific point wy through GFT, and the
instantaneous frequency of the signal s(t) is

N daxo (t)'

dt (10)

w(t) = wo
Eq. 10 shows that the key to mapping the instantaneous

frequency w (t) of the original signal to the specific frequency wy
is to determine the function xq ().
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Examples of time—frequency representations of the continuous wavelet transform (CWT) and synchrosqueezing transform (SST). (A) Signal s(t)=
s;(t) +s5(t) is defined by sy(t) = 0.7cos(nt/15) for 0 <t < 600 ms and by s,(t) = cos(nt/10+2nsin(nt/150)) for 601 < t < 1,024 ms; (B) instantaneous

frequency for its two components (left), w(t) = 1/30 for 0 <t < 600 ms and w(t) =

(n/10+2ncos(nt/150)*(n/150))/(2n); (C) example of a continuous

wavelet transform of s(t), with a Morlet wavelet [this is plotted with MATLAB, with the “jet” colormap; red indicates higher amplitude]; and (D)
example of the synchrosqueezing transform(SST) (this is plotted with MATLAB, with the “jet” colormap; red indicates higher amplitude)

2.2 Improved SST for seismic data

In this study, wy is the dominant frequency of input data.

Based on the aforementioned expressions, we introduced
GFT into the SST and provided the detailed derivation process.
The improved SST needs to be calculated in a complex domain.
First, the real value signal needs to be transformed into an
analytical signal using a Hilbert transform (HT):

p(t) = () +iH (s (1)). (11)

According to Eq. 10, x(¢) is calculated based on the
instantaneous frequency w(t) of the actual input data. The
instantaneous frequency is mathematically defined as the
(1979)
introduced a complex signal analysis technique into seismic

derivative of the signal phase. Taner et al
data processing for the first time and proposed the
instantaneous attribute with geological significance. The
instantaneous frequencies are extracted by complex signal

analysis via the Hilbert transform, which is a signal-value

function with time as the variable. The instantaneous
frequency is expressed as follows:
d s(t)
w, = —| arctan—= ), t = u,, 12
dt( s(t) (12)

where s (t) is the Hilbert transform result of the actual seismic
data s(t), and u,, represents the time point corresponding to the
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maximum envelope of the complex signal. Furthermore, the
following calculation was completed:

q(t) = p(t) exp (- i2mx, (1)) (13)

Since x (t) is the function that controls the phase change of
the original signal s(t), the instantaneous frequency of the
analytical signal g(¢) does not change significantly with time
during the whole period using Eq. 13. In order to reduce the
negative frequency effect of q (t), it is necessary to perform HT on
it, as expressed using the following equation:

r(t) =q(t) +iH (q(t)). (14)

According to SST’s implementation steps, CWT of r(¢) is
performed. Furthermore, the CWT coefficient of the original
signal can be obtained using the following equation:

W (a,b) =W, (a,b) exp (i2mx, (t)), (15)

where W, (a,b) is the CWT of r (). According to Eq. 4, we
can observe that w;(a,b) = w,(a,b), which means that the
instantaneous frequency of W,(a,b) obtained after the
aforementioned processing is consistent with that calculated
using the original data.

According to Eq. 14, the moduli of W, (a,b) and W, (a,b) are
equal; therefore, the aforementioned processing does not change the
energy of the original signal. Based on Eq. 14, the SST of s(t),
Ty (w;,b) can be obtained by processing W (a,b) in Eq. 5. This
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Results of the improved synchrosqueezing transform (SST) of s(t), shown in Panel 1. (A) Results of the improved SST for the signal (this is plotted
with MATLAB, with the “jet” colormap; red indicates higher amplitude); (B) comparison between the original signal and reconstructed signal by the
improved SST [this is plotted with MATLAB, the blue solid line represents the original signal s(t); the red asterisk represents the reconstructed signal]

processing of the SST will allow the transfer of r (¢) features to their
results, and r(t) itself is obtained by HT and phase-related
processing; therefore, the transmission of the features of r (¢) can
achieve the purpose of improving the SST. In essence, the
aforementioned processing allows the adjustment of the signal
phase before and after the transformation so that it does not
affect the expression of the inverse SST. Therefore, the improved
inverse SST using the proposed method can be expressed as follows:

s(t) = Re[C:pl ZTy(wl,b)Aw]. (16)
1

3 Results
3.1 1-D synthetic data

In this section, we present how, in order to test the feasibility
of the improved method, the improved SST was performed on

Frontiers in Earth Science

05

the cosine non-stationary model (Figures 2A,B) and compared it
with the CWT-based SST results (Figure 1D).

We constructed a non-stationary cosine signal. The signal
was a stable frequency cosine wave in the range of 0-600 ms and
a modulated signal whose frequency varied with the cosine wave
in the range of 600-1,000 ms. Figure 1 A displays this signal in the
time domain, and its theoretical frequency is shown in Figure 1B.
Figures 1Cand D illustrate the CWT and SST of the signal,
respectively.

It can be seen from Figures 1C,D that the energy focus of
CWT is poor and that energy cluster bonding occurs in some
places. The SST obviously has higher focusing ability and
time-frequency resolution. After further observation, it is not
difficult to recognize that the time-frequency spectrum of SST is
close to the theoretical frequency of the signal in the range of
0-560 ms. However, in the area of frequency mutation,
i.e., around 600 ms, it cannot effectively distinguish between
the two very different frequencies but shows a certain
smoothing trend. However, the CWT has a better effect at the

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.956817

400

600

800

1000

Yu et al.
0 0
(@)
2001 1 200§
__400f 1 400
2]
E
= L .
E
= 600 41 600 g
800 4 800
1000 ¢ 11000
Model trace 0 40 80 120160200
Frequency (Hz)
FIGURE 3

10.3389/feart.2022.956817

0 40 80 120160200
Frequency (Hz)

0 40 80 120160200
Frequency (Hz)

Application of the synthetic seismic trace. (A) Original synthetic seismic trace with noise; the signal is composed of two 20 Hz zero-phase
Morlet wavelets, with scale = 1 at 250 and 700 ms; two 30 Hz zero-phase Morlet wavelets, with scale = 2 at 200 and 600 ms; three 50 Hz Morlet
wavelets, with phase = n/2 and scale = 2 at 150, 400, and 800 ms; and a 40 Hz Morlet wavelet, with phase = n/2 and scale = 2 at 450 ms; (B)
time—frequency spectra of synthetic seismic trace using the continuous wavelet transform (CWT); (C) time—-frequency spectra of the synthetic
seismic trace using the CWT-based synchrosqueezing transform (SST); and (D) time—frequency spectra of synthetic seismic trace using our
improved SST. [(B—D) are plotted with MATLAB, with the “jet” colormap; red indicates higher amplitude].

frequency mutation, showing no smoothness and a real
frequency jump. Similarly, when the signal frequency changes
at 600-1,000 ms, the energy of SST still diverges slightly in the
scale direction.

As shown in Figure 2A, the improved SST effectively reduced
the smearing effect of energy on the time axis at the frequency
fluctuation, especially at the frequency mutation near 600 ms,
which is closer to the theoretical time spectrum than the method
in Figure 1. Figure 2B shows the waveform comparison between
the original signal and the reconstructed signal. The blue color
indicates the original waveform, and the red color indicates the
reconstructed data using the inverse transform of the improved
SST. The improved SST can reconstruct the model signal
accurately without affecting its inverse transformation effect
and thus provides a new technical method for threshold
denoising in the time-frequency domain and seismic signal
reconstruction.

The frequency component of the model is relatively simple
compared with actual data; therefore, we further tested the
improved method with irregular synthetic data, which is more
similar to the real seismic data (Figure 3A). The synthetic trace in
Figure 3A is composed of a set of Morlet wavelets with different
frequencies, amplitudes, scales, and time delays.

Figures 3B-D show the time-frequency map of CWT, SST, and
improved SST, respectively, with the same color scale. Although
CWT can recognize the signal components in different frequency
bands, the resolution of the time spectrum was obviously
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The
concentrated, and many high-frequency interference components

insufficient. distribution of energy groups was not
existed (Figure 3B). The results of SST were greatly improved from
those of CWT, and the energy distribution was clearly more
concentrated. However, it is not difficult to see that if the signal
components of two different frequencies are close in time; their time
spectra will be entangled with each other, such as at 400-600 ms, or
false frequency components will appear. For example, the wavelet
frequency of 30 Hz near 600 ms (approximately 550 ms—650 ms) in
the time domain extends to nearly 800 ms in the time-frequency
representation, and the energy is not concentrated near 600 ms
(Figure 3C). The improved SST (Figure 3D) had the best
time-frequency focusing effect and could better identify the
the

Specifically, the two wavelets at 400 and 450 ms can be more

time—frequency  distribution  characteristics  of signal.
clearly identified on the time spectrum without entanglement.
The energy groups of the two sub-waves at 600 and 700 ms were
remarkably more concentrated and more easily identified in the time

spectrum.

3.2 2-D horizontal layered model

In this section, to test the lateral resolution and the sensitivity
of the proposed improved SST in detecting thin reservoirs, we
first applied the improved SST to a 2-D horizontal layered model
and compared the results to those of the CWT, CWT-based SST
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FIGURE 4

Application of the 2-D horizontal model and analysis of the instantaneous frequency used the isofrequency section. (A) Forward model with
horizontal layers. The third layer contains three gas layers with large transverse width variations. Model data are created by using the Tesseral 2-D; (B)
pre-stack time migration profile of the 2-D forward model. (C) 25 Hz-isofrequency section of the continuous wavelet transform (CWT); (D) 35 Hz-
isofrequency section of the CWT; (E) 25 Hz-isofrequency section of the CWT-based SST; (F) 35 Hz-isofrequency section of the CWT-based

SST; (G) 25 Hz-isofrequency section of the improved synchrosqueezing transform (SST) in this study; (H) 35 Hz-isofrequency section of the
improved SST (these are all plotted with MATLAB, with the “jet" colormap; red indicates higher amplitude).

TABLE 1 Geological parameters of the 2-D forward model.

Layer Velocity (m/s) Density (g/cm?) Thickness (m) Width (m)
Layer-1 1,300 1.20 200

Layer-2 1,500 1.25 200

Layer-3 1,600 1.30 10

Layer-4 1700 1.35 290

Layer-5 1800 1.40 800

Gas-1 1,400 1.20 10 600

Gas-2 1,400 1.20 10 300

Gas-3 1,400 1.20 10 200
(Daubechies et al., 2011), and improved SST methods. The model 200 m, respectively. The specific design parameters are shown in
designed in Figure 4A consisted of five horizontal layers; the third Table 1. The geological model was forward modeled with a 30 Hz
layer was a thin reservoir with a thickness of 10 m, in which, three zero-phase Ricker wavelet. Figure 4B is the pre-stack time
gas layers with large transverse width variations were developed. migration profile by forward modeling. It can be seen from
The widths of the layers from left to right were 600, 300, and the migration profile that although a depression existed in the in-

Frontiers in Earth Science 07 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.956817

Yu et al.

Length (km)
4 6

400

(c) CWT-25Hz
600
2 800 ﬂ
%) £
£1000
= 110
1200
1400
30 60 90 120 150 180 210 30 60 90
Trace
400
(d) CWT-35Hz
600
gsoo
£1000
E
1200
14 00
0030 60 90 120 150 180 210 30 60 90
Trace
FIGURE 5

120
Trace

120
Trace

10.3389/feart.2022.956817

150 180 210 30 60 90 120

Trace

150 180

14
150 90

120
Trace

150 180

Application of the 2-D non-horizontal model and analysis of the instantaneous frequency used the isofrequency section. (A)Forward model,
which is created by using the Tesseral 2-D; the black dotted box shows the location of the profile in Panel (B); (B) pre-stack time migration profile of
the 2-D forward model in Panel (A). (C) 25 Hz-isofrequency section of the continuous wavelet transform (CWT); (D) 35 Hz-isofrequency section of
the CWT; (E) 25 Hz-isofrequency section of the CWT-based SST; (F) 35 Hz-isofrequency section of the CWT-based SST; (G) 25 Hz-
isofrequency section of the improved synchrosqueezing transform (SST) in this study; (H) 35 Hz-isofrequency section of the improved SST (these are
all plotted with MATLAB, with the “jet” colormap; red indicates higher amplitude)

TABLE 2 Geological parameters of the fault model.

Layer Velocity (m/s) Density (g/cm?)
Layer-1 1,300 1.20
Layer-2 1,600 1.30
Layer-3 1,800 1.40
Gas 1,400 1.20

phase axis at the gas-bearing location, the presence of fluid
cannot be confirmed.

Figures 4C—H represent the single-frequency profile near
the target location extracted by applying CWT, CWT—based
SST, and improved SST to Figure 4B. They represent the
25 and 35Hz single-frequency profiles of CWT,
CWT—based SST, and improved SST, respectively. The
comparison of the three methods shows that the improved
SST has the best time-frequency resolution. The three
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methods can reflect the phenomenon of high-frequency
attenuation of gas reservoirs, but the improved SST was
more sensitive to frequency changes due to its higher
resolution. In particular, the energy group of the gas layer
in Figure 4H can hardly be seen in the 35 Hz single-frequency
profile, which is sufficient to demonstrate the feasibility of the
improved SST method in gas-bearing detection. In addition, it
was found that the energy difference between the gas reservoir
and surrounding rock in the time spectrum (Figure 4G) was
larger than that of the CWT (Figure 4A) and CWT-based SST
(Figure 4A), which is helpful for qualitative identification of

reservoir boundaries.

3.3 2D unhorizontal layered model

In order to further study the applicability of the improved
SST in irregular gas reservoir exploration, we developed a 2D
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Location of the real seismic data. (A) Location of the exploration area where data were collected (blue square). This is created by using the
Generic Mapping Tools (GMT) 4, accessed on 1 May 2022; (B) original pre-stack time migration profile of a through-well line from 3-D seismic data;
the yellow vertical line represents extracted single-channel seismic data for subsequent analysis; the green box indicates a reservoir by drilling data.

fault model as an example and compared the results to those of
the CWT, CWT-based SST, and improved SST methods. This
model shown in Figure 5A perceived a gas reservoir at a depth of
300 m. Table 2 displays the specific parameters for each layer.
This 2D unhorizontal layer geological model was also forward
modeled with a 30 Hz zero-phase Ricker wavelet. Figure 5B
displays the pre-stack time migration profile after processing
from forward modeling. It is evident that compared with the
horizontal layer model, it is more difficult to identify the gas-
bearing boundary in the migration profile of the inclined
horizon.

Figures 5C-H represent the single-frequency profile near the
target location extracted by applying CWT (Figures 5C,D),
CWT-based SST (Figures 5E,F), and improved SST (Figures
5G,H) methods to Figure 5B. They represent the 25 and
35Hz single-frequency profiles of CWT, CWT—based SST,
and improved SST, respectively. Figure 5 shows that the
improved SST can identify the boundary of the reservoir more
accurately than the other two methods (Figure 5G). CWT
displayed the lowest resolution of the three models. The
energy mass of the gas reservoir was not concentrated, and
the upper and lower boundaries of the sand body on the right
side of fault overlapped. The resolution of the time-frequency
distribution of the CWT-based SST was higher than that of
CWT, and the sand boundary on both sides of the fault could be
identified more accurately. However, it was still difficult to
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identify the gas reservoir, especially in the 25 single-frequency
profiles (Figure 5E).

4 Applications to seismic signals

We used real seismic data from the Tuha basin in Xinjiang
as an example to deeply discuss the advantages of the
improved SST in gas-bearing reservoir prediction. Due to
the influence of many factors, such as attenuation and
Earth absorption, in the propagation process of a seismic
wave, it showed a high degree of non-stationarity. In the
low-frequency profile, shadows appeared beneath the gas
the
disappeared as the frequency increased (Castagna et al,
2003; Chen et al., 2009; Shi et al., 2014). Therefore, we can
use these characteristics to detect gas reservoirs. Figure 6

reservoir, and low-frequency shadows gradually

shows a through-well line from 3-D seismic data. The
green box indicates a reservoir that has been confirmed to
be gas-bearing using drilling data. However, the sand body in
the study area changed rapidly in the transverse direction, and
a low-frequency, high-amplitude area was present under the
gas-bearing layer, namely, a “low-frequency shadow”
phenomenon (Ebrom, 2004; Liu 2004; Liu X. et al., 2018).
It was difficult to determine the boundary of the sand body
with conventional interpretation methods.
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Comparison of single-channel seismic data. (A) Single-channel seismic data for trace No. 80; (B) time—frequency spectra of synthetic seismic
trace using the continuous wavelet transform (CWT); (C) time—-frequency spectra of synthetic seismic trace using the CWT-based synchrosqueezing
transform (SST); (D) time—frequency spectra of synthetic seismic trace using the improved SST; (E) Comparison between the original seismic signal
and reconstructed seismic signal by the improved SST. The blue solid line represents the original signal s(t); the red asterisk represents the
reconstruction signal [these are all plotted with MATLAB; (B—D) are displayed with the ‘jet’ colormap; red indicates higher amplitude].
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30 Hz-isofrequency profile processed with different approaches. (A) Continuous wavelet transform (CWT); (B) CWT-based synchrosqueezing
transform (SST); and (C) improved SST. The white dotted box marks the location of the gas-bearing reservoir (these are all plotted with MATLAB, with

the “jet” colormap; red indicates higher amplitude)

4.1 Single trace
Figure 7A shows the interception of single-channel seismic

data of trace No. 80 in Figure 6 and the gas-bearing reservoir
near 400 ms. The time spectra of CWT, SST, and improved SST

Frontiers in Earth Science

are shown in Figures 7B-D, respectively. It can be seen that
compared with CWT, SST had a greater improvement in the
adhesion of the energy group, but the vertical time-frequency
distribution showed a certain continuity. The improved SST
had a higher time-frequency resolution, which could not only
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isofrequency profile; and (C) 40 Hz-isofrequency profile. The white dotted box marks the location of the gas-bearing reservoir (these are all plotted
with MATLAB, with the “jet” colormap; red indicates higher amplitude).

improve the problem of energy group diffusion but could also
clearly distinguish the gas reservoir from other horizons in the
longitudinal direction. The time-frequency characteristics of
the wavelet could be accurately determined, especially in the
vicinity of the 200-400 ms gas-bearing reservoir. As shown in
Figures 7B-D, the dominant frequency for the trace was
approximately 30 Hz. Figure 7E shows the comparison
the
verifying that the improved synchrosqueezing transform has

between reconstructed and original seismic data,

good reversibility.

4.2 Vertical cross section

Next, we applied the three methods to all traces and
computed the time-frequency representation of 30 Hz-signal
frequency components to qualitatively identify reservoir
boundaries in Figure 8.

It can be seen from Figure 8 that, in general, for the gas
reservoirs indicated by the white box, the SST and improved
SST had the worst and best time-frequency resolution,
respectively. This is because the continuous frequency of the
actual data varied greatly, and the original SST could not
effectively solve the energy divergence caused by the rapid
frequency change, while the improved SST had good
to it. The 20, 30, and 40Hz
frequency-time-frequency  spectra  of  the
synchrosqueezing transform were further extracted and

adaptability single-

improved

compared (Figure 9). It can be seen that, from 20 to 30 Hz,
the time-frequency energy of the reservoir, indicated by the
white box, increased with the increasing low-frequency portion.
From 30 to 40 Hz, the reservoir time-frequency energy
decreased with the increase in high-frequency components.
In particular, the boundary range of the isolated gas-bearing
reservoir, indicated by the white box, could clearly be
determined from the 20-40 Hz variation characteristics.
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5 Discussion

In essence, the SST rearranges the energy of each point in the
time—frequency spectrum to a position closer to the real
time—frequency coordinate of the signal. Specifically, it
rearranges the complex spectrum of the WT along the
frequency axis. The model test results show that the SST can
improve the focusing ability of the original WT and ensure the
reversibility of the WT, which has better prospects for application
than the time spectrum rearrangement method.

In order to solve the problem that the spectrum energy is not
concentrated at a fast frequency change rate in the SST, in this
study, we introduced a phase factor before WT using the idea of
GFT to improve the SST and enhance its applicability to the
frequency change while improving the energy focus. The key to
this method was to find x, (t) and map the frequency w (¢) of the
original signal to wy by transformation (wy is here a constant
frequency with a rate of change of zero). For a signal s(¢) with a
specific expression, if wy is given, xo (¢) can be calculated by the
specific expression of s(t). However, obtaining x, (¢) is the key
problem for the unstable seismic signal s (). Olhede and Walden
(2005) only used an estimated linear function to obtain x, (t) in
the improved discrete wavelet packet transform, which was
estimated on the time-frequency diagram of the original
signal after the discrete wavelet transform. In this study, we
used the instantaneous attribute of seismic signal w (t) to obtain
xo (¢) indirectly so as to achieve the purpose of improving the
SST. The application results of the model and actual seismic data
prove the feasibility of the improved method. On the basis of
retaining the inverse transformation, the improved method has
high energy focusing ability and applicability to frequency
changes.

When the seismic wave propagates in the gas zone, the high-
frequency signal attenuates, and the frequency moves toward
lower frequencies. At the same time, the low-frequency strong
amplitude area will appear below the gas zone, which is often
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called the “low-frequency shadow” phenomenon (Sheriff, 2002).
Taner et al. (1979) identified the low-frequency features under oil
and gas reservoirs through complex seismic trace analysis.
Castagna et al. (2003) adopted the matching pursuit method
to decompose signals in the time-frequency domain and used the
anomaly of different instantaneous frequency spectrum energies
to directly indicate the existence of oil and gas, that is, the direct
hydrocarbon indicator (DHI) technology. Ebrom (2004) studied
the correlation between low-frequency shadows and oil and gas
storage, and summarized the possible mechanism of low-
frequency shadows generated by pre-stack and post-stack
seismic data.

Taking Figures 7B-D as an example, the low-frequency
shadow phenomenon of the oil and gas reservoir in the target
formation was analyzed. As shown in the figure, the location of
the reservoir showed a strong energy cluster in both the high
frequency and low-frequency bands (dotted line), whereas the
low-frequency band below the reservoirs showed a strong energy
cluster, which gradually disappeared at the higher band. Due to
the insufficient resolution of CWT, the energy group of the
reservoir overlapped the low-frequency shadow below
(Figure 7B). The CWT-based SST displayed a strong energy
distribution in both low- and high-frequency bands (Figure 7C).
Compared with the other two methods, the improved
synchrosqueezing transform provides high time-frequency
resolution to identify the reservoir location more accurately.

Regarding the field data application shown in Figures 8, 9, there
was stronger energy distribution in the right part (trace No. 80-160)
of the 20-, 30- and 40-isofrequency sections than in the reservoir.
Although we have no direct data to confirm whether it is a reservoir
or not, based on the geological characteristics of the area and the
time-frequency analysis results of this study, we speculate that this
part may not be gas-bearing. From the perspective of the geological
structure, the gas-bearing layer in the study area is thin, and
transverse continuity is poor, while the strong energy mass on
the right side is obviously inconsistent with those features. In
addition, from the analysis of time-frequency distribution
characteristics, as shown in Figure 9, the gas-bearing layer has
the weakest energy in the low-frequency band (20 Hz) and
strong energy in the high-frequency band (30-40 Hz), while the
right strong energy group has strong energy in the 20-30 Hz band
and weak energy in the 40 Hz band, which is inconsistent with the
time-frequency distribution characteristics of the gas-bearing layer.
Combined with the similar phenomenon in the forward model
displayed in Figure 5, we speculate that the cause of this
phenomenon may be the physical characteristics of the fault itself.

The improved synchrosqueezing transform was applied to
the gas reservoir forward model and actual profile; the results
showed that the synchrosqueezing transform had higher time-
frequency resolution, was more sensitive to the high-frequency
attenuation phenomenon, and could describe the gas reservoir
distribution range more accurately than the conventional CWT
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method. It is, therefore, likely to be beneficial for gas detection
and the boundary identification of reservoirs in production gas
fields.
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