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ABSTRACT

Wang, R.-R., Dai, Y.-S., Li, C., Zhang, P. and Tan, Y.-C., 2015. A new double deconvolution
method suitable for non-stationary seismograms in the time-frequency domain. Journal of Seismic
Exploration, 24: 401-417.

Conventional deconvolution methods are based on the assumption that the seismogram is
stationary; however, actual seismic data cannot satisfy the above assumption. Thus, this paper
proposes a double deconvolution method in the time-frequency domain to improve the resolution of
the non-stationary seismogram. First, the quadratic spectrum modeling method, in combination with
the bispectrum method based on higher-order cumulants, was used to extract a wavelet from the
non-stationary seismogram, and the spectrum division method was applied to the entire seismogram
to perform deconvolution. Then, time-varying wavelets were extracted from the first deconvolution
result in the time-frequency domain, and the residual wavelets on every point spectrum were
eliminated from the seismogram by a second deconvolution. Simulation experiments and field data
processing demonstrated that the proposed method overcomes the interference of adjacent strata
effectively and greatly improves the resolution of the non-stationary seismogram.

KEY WORDS: double deconvolution method, non-stationary seismogram, time-varying wavelet,
quadratic spectral modeling.

INTRODUCTION

Deconvolution is an important method to describe the detailed
stratigraphic structure and enhance the resolution of seismic data processing.
Conventional deconvolution methods are often based on the assumption that the
seismic signal is stationary and the wavelet is of minimum-phase or zero-phase.
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However, scattering and attenuation of the seismic wavelet occurs during the
propagation in the underground medium, which results in the lack of
high-frequency components and phase distortion of the wavelet, leading to
non-stationary seismogram characteristics. Therefore, research on time-varying
wavelet extraction methods and time-varying deconvolution methods will be
significant for high-resolution seismic data processing (Mirko et al., 2008;
Economou et al., 2012).

Rosa et al. (1991) have proposed a variety of spectral modeling
deconvolution methods that compress the remaining wavelet and enhance the
resolution of the seismic data. The time-frequency domain spectral modeling
deconvolution method is one of the most significant methods for overcoming the
assumptions of the stationary nature of the seismogram and the phase
characteristic of the wavelet. However, due to the sparseness of the reflection
coefficient sequence and the interference by neighboring reflection points,
fluctuation errors in such time-varying deconvolution methods are caused by the
non-sparse condition.

Thus, this study proposes a double deconvolution method in the
time-frequency domain that can enhance the resolution of the non-stationary
seismogram on the abundant conditions. This method first extracts a
mixed-phase wavelet by the quadratic spectral modeling method and bispectrum
method based on higher-order cumulants. The spectrum division method is
applied to perform deconvolution for the entire non-stationary seismic trace,
which could effectively weaken the interference of adjacent strata. The first
deconvolution result is then transformed to the time-frequency domain, the
residual wavelet is extracted by the mixed phase wavelet extraction method in
the time-frequency domain again, and the residual wavelet is eliminated from
the seismogram by the second deconvolution, thus enhancing the resolution of
the non-stationary seismogram. The workflow of the double deconvolution
method is shown in Fig. 1.

Extract single mixed- Apply the Transform the first Apply the spectrum
phase wavelet by the spectrum division deconvolution result to the division method to
quadratic spectral method to do time-frequency domain, do second
modeling method and the |—w»] deconvolution for —w{  extract the time-varying |[—»{ deconvolution on
bispectrum method based the whole non- wavelets by the quadratic every point
on higher order stationary seismic spectral modeling method spectrum in time-
cumulants trace and the bispectrum method frequency domain

Fig. 1. Workflow of the double deconvolution method in the time-frequency domain.
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WAVELET EXTRACTION AND DECONVOLUTION METHOD
Wavelet extraction method
1. Extract wavelet amplitude by quadratic spectral modeling

The common method of wavelet amplitude spectrum estimation is
seismogram autocorrelation with the assumption that the reflection coefficient
is white noise. Spectral modeling assumes that the amplitude spectrum of the
wavelet is smooth and similar to the unimodal curve of the Ricker wavelet
spectrum. The empirical mathematical expression of the seismic wavelet is

N
W) = \f|kexp(2anf") , (1)
n=0

where k is a constant, a, is the coefficient of the polynomial in f, and N is the
order number.

This method abandons the assumption of the white-noise reflection
coefficient and has shown good results in estimating the wavelet amplitude
spectrum and enhancing the resolution of the seismic trace. However, using the
fitting polynomial limits the shape of the wavelet amplitude spectrum, which
leads to errors at both high and low frequencies in the fitting curve. In addition,
the stability of the solution is poor.

Tang et al. (2010) improved the spectral modeling method and proposed
a quadratic spectral modeling method to extract the wavelet amplitude. Here, we
assume that the convolution model of the seismogram is

X() = w(® * 1(t) , 2)

where w(t) is the seismic wavelet and r(t) is the reflection coefficient. The
corresponding expression in the frequency domain is

AD = A DAL (3)
where A,(f), A,(f) and A (f) denote the amplitude spectrums of the seismogram,

wavelet and reflection coefficient, respectively. The following is the Fourier
transform of eq. (2)

AP = A2DAPE = AP® 4)

where AP(f), A{P(f) and AP(f) are the amplitude spectra of A (f), A,(f) and
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A/(f) after the Fourier transform, respectively. The amplitude spectrum is
quadratic.

Compared with the traditional spectral modeling methods, this method is
highly efficient because the wavelet amplitude extraction is obtained by a
one-time Fourier transform. The low-frequency compositions of the seismogram
quadratic spectrum then reflect the energy of the seismic wavelet amplitude
spectrum, whereas the high-frequency compositions reflect the energy of the
reflection coefficient amplitude spectrum. On this basis, we can design a
low-pass filter, and the result of filtering the seismogram quadratic spectrum is
the wavelet amplitude spectrum. Synthetic examples and actual seismic data
processing results show that this method is better than spectral modeling in
extracting the time-variant wavelet amplitude spectrum.

Thus, the wavelet amplitude can be extracted by quadratic spectral
modeling and combined with the mixed phase, which is obtained by the
bispectrum method based on higher-order cumulants and the mixed-phase
wavelet is extracted from the entire non-stationary seismogram.

2. Extract time-varying wavelet amplitudes in the time-frequency domain

After extracting a time-varying wavelet in the time-frequency domain, the
non-stationary seismogram is converted to the time-frequency domain by the
improved generalized S transform, and the wavelet amplitudes on every point
spectrum can be extracted by quadratic spectral modeling. The mixed phase can
be obtained by the bispectrum method based on higher-order cumulants. Thus,
the time-varying wavelets could be extracted from a non-stationary seismogram.

The improved generalized S-transform is proposed by Zhang et al. (2011)
and its window function is

G(t,f) = [1//@27) s|f|Texp(—t*/2s*f*), s > 0, > 0, (5)

where s, r are adjustment factors that are greater than zero. Because the width
of the Gaussian window is directly proportional to the frequency f, the window
provides high time resolution at low frequencies while providing high frequency
resolution at high frequencies, which conforms to the dynamic attenuation
characteristics of the seismogram.

Higher time-frequency resolution and focus could be obtained using the
improved generalized S-transform to analyze the seismogram, which is
conducive to distinguishing changes in the frequency composition of seismic
data and intensively analyzing the strata structure. Additionally, the inverse
transform can reconstruct the signal without any loss. Therefore, we can process
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data effectively in the time-frequency domain and then transform it back into the
time domain.

3. Extract mixed phase by the bispectrum method

High-order accumulation and high-order spectra include information about
the signal that is used to estimate the mixed-phase wavelet (Lazear et al., 1993;
Velis et al., 1996). Based on the nature of the high-order statistics, the
mixed-phase wavelet spectrum can be extracted by the seismogram bispectrum.

There are many algorithms for computing the wavelet phase from the
bispectrum of the seismogram, such as the Brilliger algorithm, Lii-Rosenblatt
algorithm and Matsuora-Ulrych algorithm. The Brilliger algorithm is recursive
and sensitive to errors in the estimated initial value. The Lii-Rosenblatt
algorithm relies only on part of the bispectrum values. The Matsuora-Ulrych
algorithm utilizes all bispectral values and does not have cumulative errors.
Therefore, in this paper, we choose the latter algorithm.

Assuming that is a non-stationary random process of zero mean, its
three-order cumulants are

Cilan,0n) = Elx(K)x(k + ap),xk + )] . (©6)

After Fourier transforming, we obtain the three-order spectrum of x(k),
namely, the bispectrum. Its amplitude and phase spectra are

| By(wp,w,)| = | X(w)) | | X(w) | [X(w; + )| (7
Yw,w) = d(w)) + d(wy) — dw, + wy) (3)
where ¢(w) is the phase spectrum and |X(w)| is the amplitude spectrum.

Based on the convolution model, the seismic reflection record is as
follows:

X(t) = r@® * w() , ®

where r(t) is the reflection coefficient and w(t) is the seismic wavelet. Based on
the nature of the bispectrum, we can obtain

Bx(wl’wZ) = Br(wl’w2)Bw(wlaw2) ) (10)

where B(w;,w,) = 02, a mean square, when the reflection coefficient is a white
process. There is only a proportional coefficient between the wavelet bispectrum
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and seismogram bispectrum, which allows us to obtain the wavelet bispectrum
from the seismogram bispectrum. If the wavelet spectrum is expressed by

W(w) = [W(w)|explip(w)] , (11)

where ¢(w) and | W(w)| are the phase spectrum and amplitude spectrum of w(t),
respectively. According to eq. (8),

Y(ww) = o) + o(@,) = @@ + @) . (12)

The mixed phase can be extracted from the non-stationary seismogram by
the bispectrum method using the Matsuora-Ulrych algorithm (Pan et al., 1987).
Mixed-phase wavelets could be fitted with the extracted amplitudes.

Deconvolution method

As deconvolution is an important tool for testing the accuracy of the
extracted wavelet, the research on deconvolution methods suitable for
non-stationary seismograms is an important part of enhancing the resolution.

Existing deterministic deconvolution methods are rather mature, such as
the least squares deconvolution, minimum entropy deconvolution (Wiggins,
1978), sparse spike deconvolution (Sacchi, 1997), multi-resolution seismic signal
deconvolution, and trace inversion (Zhang, 2011). The time-domain
deconvolution is inevitable to truncate the wavelet because the wavelet is an
infinite impulse response sequence described by an autoregressive moving
average (ARMA) model. To reduce the truncation error on the inversion
process, we choose the spectrum division method in the frequency domain for
deconvolution after extracting the time-varying wavelets.

The Robinson convolution model can be obtained through Fourier
transform as follows:

X(e™) = W(e™RE™) (13)

where X(e™), W(e'¥) and R(e?*) denote the seismogram, wavelet and reflection
coefficient sequence expressed in the frequency domain, respectively. The
reflection coefficient sequence can be expressed as

i) = F'[REe™)] = F'[X(e™)/W(e™)] (14)
where f(n) and R(e ') are the reflection coefficient estimations in the time

domain and frequency domain, respectively. F~' is the inverse Fourier transform
operator and W(e™) is the estimated wavelet expressed in the frequency domain.
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After extracting one mixed-phase wavelet from the non-stationary
seismogram using the quadratic spectral modeling method and bispectrum
method based on higher-order cumulants, the spectrum division method is used
to perform the first deconvolution of the entire non-stationary seismic trace; this
deconvolution could effectively weaken the interference of adjacent strata. Then,
the first deconvolution result is transformed into the time-frequency domain by
the improved generalized S transform, and time-varying wavelets are extracted
in the time-frequency domain again. The residual wavelet is then eliminated
from the seismogram by the second deconvolution, thus enhancing the resolution
of the non-stationary seismogram.

ANALYSIS OF THE SIMULATION RESULTS
Limitations of the traditional time-varying deconvolution method

The traditional time-varying deconvolution methods based on spectrum
modeling could overcome the assumptions that the seismogram is stationary and
the wavelet is of zero or minimum phase, which have significant effects on
enhancing the seismogram resolution by compressing the wavelet. However,
such methods also have limitations, which require a higher sparse feature of the
reflection coefficient sequence.

To illustrate the existing limitations of the traditional time-frequency
domain deconvolution methods, two non-stationary seismograms are constructed
based on the sparse and non-sparse reflection coefficient sequences combined
with the zero-phase wavelet (Kumar et al., 2008). Time-varying wavelets are
extracted from the non-stationary seismograms based on the quadratic spectral
modeling method in the time-frequency domain. Then, the spectrum division
method is used to process deconvolution for the seismograms on every point
spectrum; the results are shown in Fig. 2.

Fig. 2 illustrates that in the case of the sparse reflection coefficient, the
wavelet component is greatly weakened by the spectrum division on every point
spectrum and the obtained seismogram is closer to the pulse sequence at the
reflection point. In contrast, in the case of the non-sparse reflection coefficient,
the seismogram from the spectrum division has large fluctuation errors
(indicated by arrows). The time-varying deconvolution method of spectrum
division is better in the case of the sparse reflection coefficient, but there is a
large error when the reflection coefficient does not satisfy the sparse condition.
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Double deconvolution method in the time-frequency domain

To solve the problems of the traditional time-varying deconvolution
methods, a double deconvolution method in the time-frequency domain is
proposed to enhance the resolution of the non-stationary seismogram. An
autoregressive moving average (ARMA) model is used to describe the seismic
wavelet. The synthetic non-stationary seismogram is structured based on a
convolution model by the mixed phase wavelet. Fig. 3 shows the mixed phase
wavelet (a), reflection coefficient sequence (b) and non-stationary seismogram
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Fig. 2. Non-stationary seismogram based on the sparse reflection coefficient sequence (a) and its
deconvolution result (b). Non-stationary seismogram based on the non-sparse reflection coefficient
sequence (c) and its deconvolution result (d).



NEW DOUBLE DECONVOLUTION METHOD 409

@

Amplitude
o

0 10 20 30 40 5 60 70 8 90 100

Amplitude

0 100 200 300 400 500 600 700 8OO0 900 1 000

Amplitude
o

0 100 200 300 400 500 600 700 800 900 1000
Time(ms)

Fig. 3. (a) Original wavelet, (b) reflection coefficient sequence, and (c) synthetic non-stationary
seismogram.

1. Analysis of the first deconvolution result

The wavelet amplitude from the non-stationary seismogram, shown in Fig.
3(c), can be extracted by quadratic spectral modeling, and the mixed phase can
be estimated by the bispectrum method based on higher-order cumulants. The
extracted wavelet is shown in Fig. 4. The spectrum division method is applied
to process deconvolution for the entire seismogram, which is shown in Fig. 5.
The actual reflection coefficient, the deconvolution result and the difference
between the deconvolution result and the actual reflection coefficient are shown
in Fig. §.

Figs. 4 and 5 show that the basic form of the extracted wavelet is
consistent with that of the original wavelet. However, there are some differences
between the estimated wavelet and the original wavelet, indicated by arrows.
These differences illustrate the distortion that occurs during the propagation of
the wavelet, which is mainly caused by the non-stationary nature of the
seismogram. Furthermore, valid signals are not identified in the difference
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result, which illustrates that the valid signal is retained well by the first
deconvolution. The pulse feature is significantly enhanced by the first
deconvolution compared to the original non-stationary seismogram, and the
wavelet influence is effectively suppressed. Finally, the first deconvolution
result has weaker noise, but its resolution is not sufficiently high to distinguish
all the layers, indicating that subsequent processing is required.
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Fig. 4. Extracted wavelet based on spectrum modeling.

2. Analysis of the second deconvolution result

For the first deconvolution result shown in Fig. 5, the wavelet amplitude
of every point can be extracted by quadratic spectral modeling, and the mixed
phase can be estimated by the bispectrum method based on higher-order
cumulants on every point spectrum. The spectrum division method in the
frequency domain is used to process the second deconvolution after extracting
time-varying wavelets in the time-frequency domain.
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Fig. 5. (a) Actual reflection coefficient, (b) deconvolution result, (c) difference between the
deconvolution result and actual reflection coefficient.

After transforming the first deconvolution result shown in Fig. 5 into the
time-frequency domain using the improved generalized S-transform, the wavelet
amplitude spectrum on every point spectrum is extracted from the seismogram
by quadratic spectral modeling in the time-frequency domain. Fig. 6 shows the
amplitude spectra of the original wavelet, the first deconvolution result and the
extracted wavelets by quadratic spectral modeling at 100 ms (a), 500 ms (b),
520 ms (c) and 900 ms (d).

Fig. 6 illustrates that early on (t = 100 ms), amplitude spectra are
consistent with that of the original wavelet. However, over time, the main
frequency and amplitude of the extracted wavelet decrease, which reflects the
dynamic attenuation nature of the wavelet when propagating.

The wavelet amplitude of every point can be extracted by quadratic
spectral modeling, and the mixed phase can be estimated by the bispectrum
method based on higher-order cumulants. The extracted time-varying wavelets
(100, 500, 520, and 900 ms) of the first deconvolution result and the original
wavelet are shown in Fig. 7.



412 WANG, DAI, LI, ZHANG & TAN

10 v T ¥ e — v £ . - o= . . e . : :
(a) The original wavwlet (b) The original warelet |
- The seismogram i - The seismogram
a Quadratic spectral modefing sk Quadratic spectral modeling
7 7=
6- 3 6-
5 5
¥ g
4 4-
k! 3
2 2
1- 1
: s . x + £ L . o = * £ £ E £ £ 2 . =t
" s 10 150 20 20 30 20 40 450 s 10 150 20 25 90 30 40 450
Frequency(Hz) Frequency(Hz)
16 2 10 T T : r——3 : 5 T
[ The original wavelt o- (d) “The original waelet
f (C) The seismogram . “The seismogram
Quadratic spectral modeling 8- Onleckulc aplcica icdeling |
8- L
7 L
g’ il
¥
L e
3 3-
2 2
1 1
7 s w0 1 200 20 00 %0 40 450 %7 s 10 150 200 250 900 30 400 450
Frequency(Hz) Frequency(Hz)

Fig. 6. Time-frequency domain spectral contrast at (a) 100 ms, (b) 500 ms, (c) 520 ms and
(d) 900 ms.

Fig. 7 shows that early on (t = 100 ms), the time-domain waveform of
wavelets extracted from the time-frequency domain is consistent with the
original wavelet. Over time, the main frequency and amplitude of the extracted
wavelet decrease, which reflects the dynamic attenuation nature of the wavelet
when propagating. At 500 and 520 ms, it is difficult to identify the wavelets
because the layers are in close proximity. However, there are better wavelet
extraction results in these two points, which illustrates that the method can
accurately extract the wavelet at each reflection point.

The spectrum division method in the frequency domain is applied to
process second deconvolution after extracting time-varying wavelets at every
point in the time-frequency domain. The double deconvolution result is shown
in Fig. 8. The conventional spectrum modeling deconvolution method is tested
to verify the superiority of the proposed method. The conventional
deconvolution result is shown in Fig. 9.
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Fig. 7. Time-domain waveforms of wavelets at (a) 100 ms, (b) 500 ms, (c) 520 ms and (d) 900 ms.

Figs. 8 and 9 show that the second deconvolution result in the
time-frequency domain has nearly no noise. The horizon is clear, and it is closer
to the actual reflection coefficient. The double deconvolution method in the
time-frequency domain eliminates the interference errors from direct
deconvolution by spectrum division, and the deconvolution result is closer to the
pulse sequence. Furthermore, we can distinguish most of the horizons from
deconvolution results from conventional spectrum modeling deconvolution. Due
to noise interference, some thin horizons and horizons with small reflection
coefficients (indicated by arrows) are difficult to distinguish. Finally, valid
signals are not identified in the difference result, which illustrates that we can
obtain a more accurate reflection coefficient based on the proposed double
deconvolution method in the time-frequency domain.
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ANALYSIS OF ACTUAL SEISMIC DATA PROCESSING

Fig. 10(a) is a seismic section of the Shengli Oil Field with 261 traces and
a sampling interval of 2 ms. The 189th trace is extracted and shown in Fig.
10(b), and the reflection coefficient sequences from logging are shown in Fig.
10(c). First, a mixed-phase wavelet is extracted by the quadratic spectrum
modeling method combined with the bispectrum method from the non-stationary
seismogram, and the spectrum division method is applied to the entire
seismogram to obtain a deconvolution result. Then, the residual wavelet is
evaluated by the mixed phase wavelet extraction method in the time-frequency
domain, and the residual wavelet is eliminated from the seismogram by the
second deconvolution, thus enhancing the resolution of the non-stationary
seismogram. Fig. 11 shows the extracted wavelets, and Fig. 12 shows the
double deconvolution results.
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Fig. 10. (a) Actual seismic section of Shengli Oil Field; (b) 189th seismic trace; (c) reflection
coefficient sequences from logging.
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Fig. 11. (a) Extracted wavelet of the entire seismic trace; (b) extracted time-varying wavelets.



416 WANG, DAI, LI, ZHANG & TAN

0.5 S 0.5 —
= —_—
b = © =
- 06 — - 0.6~ e y
= =
== ——
- 07~ L - 0.7~ = "
= —
—_— e
- 08- = - 08- — — -
— — =
. - = - - = i
09 = .
) = —
Jh) i - = i - — m
£ T === =
- 11k e - 1 —— y
= =
- 1.2k —£——T-= - 12- —_— 7 ’
1 3 f _ 1 3 [ ? -
= =
- 14- = - 1.4- = -
15~ _w 1.5 —p——

Fig. 12. (a) Conventional deconvolution result; (b) double deconvolution result; (c) reflection
coefficient sequences from logging.

Fig. 12 illustrates that the pulse feature of the conventional deconvolution
result is significantly enhanced compared to the original seismogram. However,
there is inevitably noise in the inversion result, which leads to the trace bend
[indicated by arrows in Fig. 12(a)] produced in some parts. Furthermore, the
double deconvolution result has a higher signal-to-noise ratio, the stratigraphy
is easier to discriminate, and the pulse feature of the reflection coefficient
sequence is more notable. Thus, the proposed method is suitable for actual
seismic data processing. Finally, as indicated by the arrows shown in Figs.
12(b) and 12(c), the double deconvolution result still has some interference, and
more effective methods must be investigated.

CONCLUSION

In this study, a double deconvolution method in the time-frequency
domain is proposed to overcome the limitations of traditional time-varying
deconvolution methods. Several conclusions can be drawn from the simulations
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and actual seismic data processing. The double deconvolution results
demonstrate that the first deconvolution suitably weakens the interference of
adjacent strata and that the second deconvolution could remove the effect of the
wavelet, greatly enhancing the seismogram resolution. Thus, the proposed
method of double deconvolution in the time-frequency domain is robust,
practical, and applicable to actual seismic data.

Because seismic data are typically subjected to interference noise that
affects the deconvolution result, a deconvolution method with strong anti-noise
ability must be studied further.
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