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Abstract 
Time-frequency filtering is an acceptable technique for attenuating noise in 2-D (time-space) and 
3-D (time-space-space) reflection seismic data. The common approach for this purpose is 
transforming each seismic signal from 1-D time domain to a 2-D time-frequency domain and then 
denoising the signal by a designed filter and finally transforming back the filtered signal to original 
time domain. The technique is efficient for ground roll and also random noise attenuation. 
However, if we deal with a large data set and a great number of contaminated signals with ground 
roll noise, a much move consuming time will be required. In this paper, time-frequency filtering is 
formulated and carried out by a different approach. The data is transformed from original time-
space domain into several single-frequency time-space domains, and the filters to reduce noise is 
designed in the new domains. The transform is easily and completely invertible. The employed 
time frequency analysis method is a high-resolution version of S-transform. Application to 
synthetic and real shot gathers confirms the good performance and efficiency of the method for 
attenuating ground roll noise and random noise. 
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1. Introduction 
Time-frequency (tf) analysis is a 
mathematical technique that allows 
transforming a time series from 1D time 
domain to 2D time-frequency domain. 
Through this approach numerous applications 
have been developed in seismic data 
processing and interpretation. There are 
several t-f analysis methods including 
windowed Fourier transforms such as Gabor 
transform (Gabor, 1946) and S-transform 
(Stockwell et al., 1996), wavelet based 
transforms such as continuous wavelet 
transform (Mallat, 1999) and Cohen class 
distributions such as Wigner-Ville 
distribution (Wang, 2010; Wu and Liu, 
2009). Besides, some tf methods are based on 
an inversion problem (Liu and Fomel, 2013; 
Liu et al., 2011). In the windowed Fourier 
based t-f transform scheme, a t-f map of a 
signal can be provided via two approaches of 
windowing the signal or windowing its 
Fourier representation through a unified 
formulation (Radad et al., 2015). By 
employing the second approach, Radad et al. 
(2016) generated single-frequency time-
space (t-x) sections in a fast way for some 
seismic interpretational applications. They 
showed that for generating an interested 

single-frequency t-x section, it is sufficient to 
window the Fourier transform of signal 
around the intended frequency and leave 
alone other components. In this paper, the 
approach is employed as a filtering technique 
to attenuate seismic ground roll noise and 
also random noise, as the most dominant 
types of noise existing on reflection seismic 
data. 
The most common approach to attenuate 
noise is transforming data from original 
domain to a new domain where it would be 
possible to separate the unwanted noise from 
wanted signal. However, in new domain, 
there must be a discrimination and separation 
measure between noise and data. Concerning 
about ground roll noise, the properties of the 
noise that could be employed as 
discrimination measures are high amplitude 
(Jiao et al., 2015; Porsani et al., 2010; 
Montagne and Vasconcelos, 2006; Liu, 
1999), low frequency (Yilmaz, 2001), low 
velocity (Yarham et al., 2006; Yilmaz, 2001; 
Tartham et al., 1983; Wiggins, 1966), and 
frequency dispersion (Bekara and van der 
Baan; 2009; Askari and Siahkoohi, 2008; 
Deighan and Watts, 1997). The dispersive 
nature of the ground roll means that the 
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2-2-1. Formulation 
Having a given seismic t-x section, (t, x)D , 
the f-x representation can be obtained by 
Fourier transforming along the time axis: 

ˆ ( , ) { ( , )},D f x F D t x                              (1) 

where hat sign, $, represents the Fourier 
domain and F represents the Fourier 
transform operator. Then a window matrix 
can be defined to provide a localized f-x 
representation around an intended frequency 

if  : 

   ( )ˆ ˆ ˆ( , ) ( , ) , ,ii ff
iD f x D f f x W f x    (2) 

where        ˆ ˆ, ,i if fW f x w f x  . 

   ˆ ifw f can be defined as a window in the 

frequency domain with any arbitrary 
function. Radad et al. (2016, 2015) showed 
that a high-resolution t-f map can be reached 
with employing an optimization problem and 
using some energy concentration measures to 
find optimum windows. Here, by this 
approach, optimum widths (as the standard 
deviation proportional to inverse of 
frequency) for a Gaussian function of 

   
2 2

2

2

ˆ i i

f
f fw f e




  using energy 

concentration measure of Gini index (Radad 
et al., 2015) has been found and employed. 
For each frequency component if ,  an 

optimum window can be found and 
employed in Equation (2). Then the single-
frequency t-x section is obtained by inverse 
Fourier transforming along frequency as: 

( ) ( )1 ˆ( , ) { ( , )},i if fD t x F D f x                  (3) 

where 1F  represents the inverse Fourier 
transform operator. The inverse transform to 
original t-x domain includes: i) augmenting 
the single-frequency t-x sections by 
frequency dimension to make a f-t-x array; ii) 
projecting the obtained array on the 
frequency axis to reach f-x section; and 
finally iii) inverse Fourier transforming along 
frequency dimension to obtain t-x section: 
 

 max1 2 ( )( ) ( )-1

( , )

( , ) | ( , ) | ... | ( , ) ,ff f

D t x

F D t x D t x D t x

%

(4) 
 

where tilde sign is chosen as a notation for 
inverse or synthesis transform; A | B is as 
augmentation of arrays A and B. If the data 
size is large, in the inverse procedure, the 
sequence of augmentation and projection 
steps (i and ii) can be exchanged. It means 
that we can perform, at first, projecting 
single-frequency t-x sections on x dimension 
and then augmenting the projections along 
frequency to reach f-x section. It is worthful 
to be mentioned that the employed windows

 ŵ f , used in Equation (2) have to satisfy 

the partition of unity criteria, ˆ ( ) 1w f df




 , 

so that inverse transform would be 
completely invertible. 
If no manipulation is applied on none of the 
single-frequency t-x sections

( ) ( , ), 1,...,kfD t x k N , and all of them are 
included in the synthesis, the maximum 
frequency, maxf  will be Nyquist frequency 

and so °( , ) ( , )D t x D t x . In this study, some 

manipulations (muting operations) are to be 
applied on some single-frequency t-x 
sections (to attenuate ground roll), and 
besides the entire individual ( ) ( , )kfD t x
sections are not to be included in synthesis 
(to suppress random noise). If ( ) ( , )kfG t x  is a 
typical t-x muting operator suggested to be 
applied on some single-frequency t-x 
sections ( ) ( , )kfD t x  (including ground roll), 
then filtered single-frequency t-x sections 
will be as: 

( ) ( ) ( )( , ) ( , ) ( , ).i i if f fQ t x D t x G t x              (5) 

For the single-frequency t-x sections that 
need to be leaved alone (including just 
favorite reflection data), ( , ) 1G t x  , and for 
those which are to be excluded from 
synthesis (including just random noise and no  
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reflection data), ( , ) 0G t x  . Therefore, 
synthesis formulation to generate filtered t-x 

domain, ( , )Q t x% , will be defined as: 
 

 max1 2 ( )( ) ( )-1

( , )

( , ) | ( , ) | ... | ( , ) .ff f

Q t x

F Q t x Q t x Q t x

%
     

(6) 
 

Figure 3 shows a flowchart explaining the f-
t-x filtering algorithm. 
 
3. Implementation 
3-1. Synthetic data 
Figure 4(a) shows a synthetic seismic shot 
gather that includes seven reflection events 
(favorite data) with different zero-offset  
 

times and velocities (curves). A minimum 
phase wavelet with dominant frequency of 25 
Hz is employed to synthesize data and time 
sampling interval is two milliseconds. Some 
trains of ground roll waves with evident 
frequency dispersion and gaussian random 
noise with signal to noise ratio of 2 were 
added to the shot gather, the result of which 
is shown in Figure 4(b). The average 
amplitude spectra of the shot gathers shown 
in Figures 4(a) and 4(b) are respectively 
presented in black and red in Figure 5. As 
seen, there are evident frequency band 
overlaps between reflection events and 
ground roll waves in low frequencies and 
between reflection events and gaussian 
random noise in high frequencies. 

 

 
Figure 3. The flowchart of f-t-x filtering algorithm. 
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4. Conclutions 
In this paper, a new aspect of t-f analysis of 
reflection seismic data was studied. It was 
shown that we can transform the seismic data 
from original t-x domain into analyzed 
single-frequency t-x domains to design 
appropriate f-t-x filters for separating 
different events based on their various t-x 
distributions on each single-frequency t-x 
section. It was also shown that a 
reconstruction formulation can be defined to 
turn back to the original t-x domain. Saving 
processing time and easier filtering are 
distinct properties of the approach compared 
to common x-t-f filtering that makes t-f 
filtering more efficient. In this paper, by this 
approach, ground roll noise and random 
noise were attenuated from synthetic and real 
seismic data in an acceptable level with 
tackling dispersion nature of ground roll 
waves. 
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