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Abstract

The improvement in the temporal resolution of s@suhata is a critical issue in hydrocarbon
exploration. It is important for obtaining more aiétd structural and stratigraphic information. Man
methods have been introduced to improve the vént&solution of reflection seismic data. Each
method has advantages and disadvantages whictuarto dhe assumptions and theories governing
their issuesin this paper, we improve the temporal resolutibiraflection seismic data using the
logarithmic time-frequency transform method. Thisthod has minimum user-defined parameters.
The algorithm uses valuable properties of both tiivee-frequency transform and the cepstrum to
extend the frequency band at each translation efspgectral decomposing window. In this method,
the displacement of amplitude spectrum by its libgar is the basic idea of the algorithm. We tested
the mentioned algorithm on both synthetic and deaé. The results of the both tests show that the
introduced method can increase the temporal résolof seismic data.

Keywords: Seismic Temporal Resolution, Time-frequency Tramsfo Logarithmic Method,
Enhancing Temporal Resolution

1. Introduction

There are two types of resolutions in surface ctifi@ seismic data, namely horizontal resolutiod an
vertical resolution. The vertical or temporal regimn is expressed by the tuning thickness and the
horizontal or spatial resolution is expressed leyRhesnel zone (Badley, 1985). The improvement in
the temporal resolution of seismic data is a @itisubject in hydrocarbon exploration and
characterizing thin-layered hydrocarbon reservdirss used for obtaining more detailed structural
and stratigraphic information.

Tuning thickness is defined as a quarter of theidant wavelength at the position of the target faye
(Sheriff and Geldart, 1995). The tuning thicknesselated to the interval velocity of target laged
dominant frequency of the traveling wave at thetldey the target layer. Therefore, the increase in
the dominant frequency of seismic data can helmprove the temporal resolution.

Many methods have been introduced to increase ¢hical resolution of reflection seismic data.
Inverse Q-filter (Wang, 2008), different deconvauat methods (Yilmaz and Doherty, 2001) and
time-variant spectral whitening (Yilmaz and Doher2901) are the basic methods of the resolution
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improvement. In the deconvolution procedure, thendbdimited seismic source signature is
compressed by various methods to increase thednegiuband of seismic source wavelet.

The wavelet transform and time-frequency representare the basis of many methods of vertical
resolution improvement to seismic data (Matos araiftit, 2014; Sajid and Ghosh, 2014; Shang and
Caldwell, 2003; Zhou et al., 2014). Shang and Calti{2003) improved the bandwidth of seismic
data based on high-order cumulant wavelet analyksos and Marfurt (2014) broadened the seismic
trace spectrum by creating a high resolution seigrace guided by the complex continuous wavelet
transform ridges detected along the scales. Zha@ll. €2014) proposed an improved time-frequency
spectral modeling deconvolution method to enhaheeséismic temporal resolution.

Cepstrum analysis is one of the mathematical tivsetpuently used in seismic data processing. Herra
and van der Baan (2012) applied the cepstrum theoggtimate the seismic wavelet. In this paper,
the cepstrum theory (Oppenheim et al., 1997) wasd us improve the temporal resolution of
reflection seismic data. The inverse Fourier tramsfof the logarithm of the amplitude spectrum of a
signal is named the cepstrum (Sajid and Ghosh,)204erein, the cepstrum was extended to time-
frequency representation. The mentioned algorithapplied to synthetic and real seismic data.

2. Methodology

First, the method of resolution improving basedcepstrum in Fourier domain is introduced. This
method consists of three steps.the first step, the time domain signak(t), is transformed to
frequency domainf) by Fourier transform formula (Proakis and Man®akk007) as given in
Equation 1. Then, the amplitude and phase spectmencalculated from the Fourier transform of
signal as denoted in Equation 2.

x(f)= "x(t)e™ dt (1)
Amplitude Spectrurz A( ) =|X( f)| 2
Phase SpectrumF (f)=X(f)

where, x(t) is the time domain signak ( f) is the Fourier transform of the time domain sigaaid
A(f) and F (f) are the amplitude and phase spectrum of time dosignal respectively. In the

next step, the amplitude spectrum of the signaxiended by replacing it with its logarithm. The
phase spectrum of the signal remains unchangéddusiptocedure.

In the third step, the minimum value of the lodaritc amplitude spectrum subtracted from all
spectral values to make the logarithmic amplitygiecirum positive. In order to make the total energy
of logarithmic amplitude spectrum equal before aftér the whitening, the logarithmic amplitude
spectrum is normalized by its total energy (Sajid &hosh, 2014). The high resolution seismic trace
can be reconstructed by using the normalized ldgait amplitude spectrum and the unchanged
phase spectrum.

The mentioned algorithm was tested on a 15 Hz Rialkerelet (Sheriff and Geldart, 1995) and the
results are shown in Figure 1. Figure 1 (a, bhows the time domain original Ricker wavelet asd it
amplitude and phase spectrum respectively. The alarad logarithmic amplitude spectrum and the
original phase spectrum are shown in Figure 1)(eTHe inverse Fourier transform of the modified
amplitude and the original phase spectra was aledito gain the improved resolution seismic trace
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which is shown in Figure 1 (d). Comparing Figure@)land (d'showsthat the employed algorith
can improve the temporal resolution of seismicdra&ince the amplitude spectrum can be chang
the above mentioned process, the obtained wavelet tdbe classifiedn Ricker wavelet family
However, the high resolution wavelet is also cltusthe Ricker wavelet and increasing the resoll
of the data is more important than t
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Figure 1

(a) Input wavelet: 15 Hz Ricker wavelet in time domaind its (b) amplitude and (c) phase spectrum
Reconstructed high resolution wavelet from (e, hormalized logarithmic amplitude spectrum ane
original phase spectrum of input wave

Because bthe Fourier transform limitations in analyzingn-stationary signals such as seismic tr:
the Fourier transforrwas replaced with timéequency transform ithe above mentioned algoritt.
There are various types of ti-frequencytransforms(Boashash, 2003), but thshort timeFourier
transform(STFT) is used hereinvhich is the usual a1 common timefrequency transforn(Gabor,
1946). TheSTFT of a time domain sign x(t), can be calculated follows:

x(tf)= "x(t)glt - ) e d 3

where, g(t) is a Gaussian window ar x (t, f) is the tim-frequency representation of time dom
signal. In general, thx (t, f) is a complex value and can be represented by ardpliand phase |
reads:

At, 1) =[real X (t, 1)) +[ imad X(t.1))]
imag( X (t,f)) (4)
real( X (t,f))

F(t f)=tan*

where, A(t,f) and F(t,f) are the amplitude and phase spectrum of the -frequency
representation of time domain signThe time domain Ricker wavelet and its amplitudectpen of
both Fourier and STFT transfos are show in Figure .. To calculate the tin-frequency
representation, the Gaussian window with a lengtimkto one quarter of the signal ler is used.
The Gaussian window is shifted by one sample alondithe axis.
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Figure 2
(a) 40 Hz Ricker wavelet itime domain, (b) its spectrum of Fourier transfond (c) short time Fourit
transform.

The method of seismic resolution improving basedewstrum in STFT domain also consists of tl
steps(Sajid and Ghosh, 201. In the first step, the trace spectrogram is catedlahrough the STF
by using the Gaussian window as described iuation3. The second step is the calculation of
logarithmic amplitude of thtrace spectrogram asvenbelow:

LF(t, f)=In(A(t, f)) ()

Similar tothe method based on Fourier transform, the logaigttamplitude spectrum is made pur
positive by subtracting its minimum value from ithe spectral values. In the final step, -
normalized logarithmic amplitude of the trace spmgtam is calculateby Equations 6 and:

LFP(t, f)=LF(t, f)- min(LF(t,f)) (6)

o AL, f)df X
LFPE(t, f)= LFP(t, f) CLFP(t, f)df

Now, onecan obtain the high resolution seismic traceusing the modified amplitude spectrum ¢
the original phase spectrum as describeEquations 8 and:
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X (t )= LFPE(t, )" exp( F (t.f)) (8)

+¥ ¥

()=, X(z,f)g(t-r) " did 9)

The flowchart of the abovementioned method is shmMrigure 3. The method of seismic resolution
improving based on cepstrum in STFT domain watesh 40 Hz Ricker wavelet. In Figure 4, the
40 Hz Ricker wavelet before and after the applicatf the algorithm and their STFT spectrogram
are displayed. As can be seen, the employed digocbmpacted the wavelet in time domain while
extended it in frequency domain without generafaige features.

Figure 3

Flowchart of the logarithmic time-frequency tramsfio method for the improvement in seismic temporal
resolution.
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Figure 4
(a) Input wavelet: 40 Hz Ricker wavelet in time domaim) its STFT spectrogre; (c) reconstructed wavel
and (d) its STFT spectrogri.

The results of the mentioned algorithm are affettgthe length of the frequency smoothing winc
in time4frequency refesentation calculation. Figurshowsthe results of the employed algorithm
various lengthsof frequency smoothing window. As can be seincreasingthe window lengt
enhanceghe temporal resoluti¢ the highfrequency side lobealso increaseThus the selection of
the appropriate window is a tre-off problemand one may conclude trthe window length equal 1
onefourth the length of thsignalis the best choic

Figure 5

Reconstructed high resolution wavelet with the tengf frequency windw equal to (a) or-tenth of signal
length, (b) eighth of signal length, (c) sixth égreal length, (d) a quarter of signal length, (e)ftof signal
length, and (f) signal lenc.
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3. Resultsand discussion

3.1. Synthetic data

To investigate the efficiency of the abovementioakgbrithm, the employed method was applied to a
synthetic 2D seismic section. The geological mageld to generate the synthetic 2D seismic section
is shown in Figure 6. Figures 7a and 7b show the-froise synthetic seismic section and its average
amplitude spectrum respectively. The synthetic datasist of a single reflector, a thin layer, and a
wedge-shape model. Due to the low temporal reswlini original synthetic seismic section, it is not
possible to separate the reflections from the taplmttom of the thin layer. Moreover, the reflons
from the top and bottom of the edge are detectatii@ce 25.

The result of applying the method to the synthséitsmic section is shown in Figure 7c. As can be
seen, the temporal resolution of seismic sectiardsnatically increasedhe reflections from the top
and bottom of thin layeare fully recognizable. It can be observed in tredge model that the
reflections, which were started to full interfererat trace 25, were still separable up to tracere.
average amplitude spectrum of the output seisnsticseis shown in Figure 7dlo compare the
results more accurately, the amplitude spectrumsvofseismic traces (No. 10 and 31) before and
after the seismic resolution enhancement are disdlan Figures 7e and 7f.

Figure 6
Synthetic geologic model to generate the synttsstismic data.
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Figure 7

(a) Freenoise synthetic seismic section and (b) its avemgplitude spectrum; (csynthetic seismic sectic
after the application of the propose method andtédaverage amplitude spectrum; (e) and (f) thelénde
spectrum of 3tand 1(" traces before (blue line) and after (red dashesj liesolution enhancem.

To evaluate thgerformance of the method in the presence of ntiigewhite Gaussian noiswas
addedto the synthetic seismic section (signal to nom@orequal to 21 dB) and the methwas
applied to thenoisy dataAccording to theresults shown in Figure, the algorithm performance |
good even in the presence of nc

We compared the obtained results of the synthetia th both noisy and nok-free cases with th
results of frequency domain deconvolut(Yilmaz and Doherty, 20013hown in Figure 9. Frequen
deconvolution is performed by free MATLAB toolboxtiéled CREWES. As can be seen in Fig
9a, the performance of the two techniques is vémjlar in the noise free synthetic data ce
However, it carbe realized that the frequency domain deconvolutias created some noise in
output. The mentioned disadvant becomes more visible in noisy data (Figure
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Figure 8
(a) Noisy synthetic seismic section and (b) itsrage amplitude spectrum; noisy synthetic seismic secti

after the application of the propose method andtédaverage amplitude spectrum; (e) and (f) thelénde
spectrum of 3tand 1(" traces before (blue line) and after (red dashesj liesolution enhancem.

Figure 9
(a) Free noise synthetic seismic section (Figujeaftar the application of the frequency domainateolution

and (b) its average amplitude spectrum; (c) noysyhetic seismic section (Figure 8a) after the i@ptibn of
the frequency domain decorlution and (d) its average amplitude speci.
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The sensitivity to noise of the seismic resolutiompioving method based on cepstrum in S
domainwas investigateby varying the level of the signal to noise raticthe synthetic data. Figur
10 shows the results the method for synthetic seismic data with four les of nois¢, namely 18, 14,
12.5,and 9.5 dB. It can be seen tl he results are almost acceptable as long as thaldig noise
ratio is 14 dB.

Figure 10
Results of applying the employed method for noigytlsetic data with different values of the signalnioise
ratio: (a) 18 dB, (b) 14 dB, (c) 12.5 dB, and (dj @E.

3.2. Field data

In addition, themethodwas applied ta field seismic data from one of hydrocarbon fieialthe
southwest of Iran. The real seismic secs before and after the application of method are shv
Figures 14 and 11t The timefrequency representation of real seismic data beémd after te
application of the propod algorithm isshown in Figurs 11d and 1lle. Itan be seeithat the
frequency bandwidth othe seismic data igxpanded during applying the proposed algorit
Moreover, theobtained results of the real dewere comparewith the results of frequency doma
deconvolution shown in Figure c. It is clear that th presence of high frequency noise in

deconvolved sectioreduceghe quality of data. It can be easily observed thatresolution of th
real seismic datis constdlerably increased and many hidden featiare discovered. For a clos
look, three windows cthe data before and after applying the algoritwere choseiand magnified in
Figure 12When comparing their amplitude spectra as showsigare 13, it can bseen that the fiel
seismic data after applying the algorithm have @able amplitude spectrum than the original r
data.
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Figure 11

Real seismic data (a) before and (b) after theiegtn of the proposed algorithm; (c) real seisohéta afte
the application of the frequency domain deconvolutithre time-frequency representation of real seismic 1
(d) before and (e) after the application of thepoised algorithr.
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Figure 12

(a, b) The blue window in Figure 11 before andratte application f the proposed algorithm respectively;
d) the green window in Figure 11 before and atterdpplication of the proposed algorithm respebtive, f)
the black window in Figure 11 before and afterapplication of the proposed algorithm respecy.

Figure 13

Average amplitude spectrum of (a) the blue windawrigure 9 before (blue line) and after (red daslires)
resolution enhancement, (b) the green window iruf€ig9 before (blue line) and after (red dashed)
resolution enhancement ai(c) the black window in Figure 9 before (blue lirm)d after (red dashed lin
resolution enhanceme.

4. Conclusions

A new algorithmis introduced whichimproves the temporal resolution of seismic dataibing the
logarithmic timefrequency transfornmethod. The algorithm uses valuable properties ath kihe
timefrequency transform and the cepstrum to extendrémuency band at each translation of
spectral decomposing window. The res of the application of the algorithto both synthetic an
real seismic data show that the introduced metlaodirecrease the temporal resolutiorthe seismic
data. Futhermors, the results of the algorithm in the presence @$e show that the algorithm ¢
improve the temporal resolution of the seismic daithout greatly boosting nois However, the
employed method makalittle change in the wavelet shape which can bdeuted
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5. Nomenclature

[ : Time
f : Frequency
x(t) : Seismic trace in time domain
X(f) : Seismic trace in frequency domain
A( f) : Amplitude spectrum of seismic trace
E (f) : Phase spectrum of seismic trace
X (t, ) . Time-frequency transform of seismic trace
g(t) : Gaussian window for time-frequency transform catiny
A(t, f) : Amplitude spectrum of time-frequency transfornsefsmic trace
F(t,f) : Phase spectrum of time-frequency transform cfrsigi trace
LF (t, f) : Logarithm of amplitude spectrum of time-frequeti@ansform of seismic trace
LFP(t, f) : LF(t, f) which is made purely positive
LFPE(t, f) : LFPE(t, f) which is normalized
X (t, 1) : Modified time-frequency transform of seismic &ac
f((t) : Estimated high resolution seismic trace
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