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(57) There is a method for correcting seismic wave
propagation paths through the earth. The method in-
cludes determining (600) a first fixed shooting sequence
for a first bandlimited seismic source (210); determining
(602) a second shooting sequence for a second band-
limited seismic source (220), wherein the second shoot-
ing sequence includes second shooting positions that
correspond to second energy emissions, and the second
energy emissions differ from the first energy emissions
in at least one of an emission time, phase and amplitude;
receiving (604) raw seismic data recorded with seismic
receivers (252) and generated as a result of the first and
second energy emissions, wherein the raw seismic data
is indicative of seismic wave paths from the first and sec-
ond bandlimited seismic sources to the seismic receiv-
ers; separating (606) the raw seismic data into a first
bandlimited set corresponding to the first bandlimited
seismic source and a second bandlimited set corre-
sponding to the second bandlimited seismic source; and
correcting (608) the seismic wave paths, from the first
and second bandlimited seismic sources to the seismic
receivers, based on at least one of the first and second
bandlimited sets.
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Description

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority and benefit from U.S. Provisional Patent Application No. 62/353,614, filed on
June 23, 2017, for "Marine vibrator signal separation," the content of which is incorporated in its entirety herein by
reference.

BACKGROUND

TECHNICAL FIELD

[0002] Embodiments of the subject matter disclosed herein generally relate to separating (deblending) seismic data
acquired with receivers as a result of simultaneously activating the seismic sources.

DISCUSSION OF THE BACKGROUND

[0003] A structure of underground formations is customarily explored with seismic surveys to generate images used,
for example, to locate gas and oil reservoirs. The seismic surveys acquire and study reflections of seismic signals injected
in the surveyed formations. The signals are reflected, refracted and/or transmitted when encountering variations of
propagation velocity. These signals are indicative of seismic paths of corresponding waves that were emitted by the
seismic sources and recorded by the corresponding receivers. The receivers detect and record these reflections as
seismic data. In time, the amount of seismic data and the complexity of data processing have increased tremendously
due to the increased data processing capacity (both hardware and software) and development of survey equipment
(seismic signal sources, receivers, etc.). These improvements have yielded sharper images of the underground forma-
tions, for bigger volumes and based on a higher density of information. The time necessary to acquire the survey data
(in the order of weeks if not months for a marine seismic survey) has continued to remain an important limitation to the
cost-effectiveness of this type of geological prospecting.
[0004] One way to shorten the survey time is to use a technique known as "simultaneous source acquisition." In this
type of acquisition, time intervals between source activations (i.e., generating signals incident to the surveyed under-
ground formation) are shorter than a listening time necessary to record all the reflections after one source’s activation.
Simultaneous source acquisition is now performed on land and in marine environments (with ocean bottom receivers
or towed streamers), with continuous or non-continuous recording. Using simultaneous source acquisition yields blended
data (i.e., data recorded by the receivers includes overlapping reflections due to signals produced by both seismic
sources), and, therefore, an additional data preprocessing step (known as "deblending") becomes necessary to extract
datasets correspond to each seismic source.
[0005] Numerous deblending algorithms have been developed in the last years. However, these algorithms usually
exploit particular data acquisition features related to geometry (source and receiver positions), which is not easy to
implement and maintain in a real seismic survey.
[0006] Accordingly, it is desirable to develop efficient deblending methods usable for data gathered in more (or most)
simultaneous source acquisition scenarios.

SUMMARY

[0007] According to an embodiment, there is a method for correcting seismic wave propagation paths through the
earth. The method includes determining a first fixed shooting sequence for a first bandlimited seismic source, wherein
the first fixed shooting sequence includes equidistant first shooting positions that correspond to first energy emissions;
determining a second shooting sequence for a second bandlimited seismic source, wherein the second shooting se-
quence includes second shooting positions that correspond to second energy emissions, and the second energy emis-
sions differ from the first energy emissions in at least one of an emission time, phase and amplitude; receiving raw
seismic data recorded with seismic receivers and generated as a result of the first and second energy emissions, wherein
the raw seismic data is indicative of seismic wave paths from the first and second bandlimited seismic sources to the
seismic receivers; separating the raw seismic data into a first bandlimited set corresponding to the first bandlimited
seismic source and a second bandlimited set corresponding to the second bandlimited seismic source; and correcting
the seismic wave paths, from the first and second bandlimited seismic sources to the seismic receivers, based on at
least one of the first and second bandlimited sets.
[0008] According to another embodiment, there is a computing device for correcting seismic wave propagation paths
through the earth. The computing device includes a processor configured to determine a first fixed shooting sequence
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for a first bandlimited seismic source, wherein the first fixed shooting sequence includes equidistant first shooting positions
that correspond to first energy emissions, and determine a second shooting sequence for a second bandlimited seismic
source, wherein the second shooting sequence includes second shooting positions that correspond to second energy
emissions, and the second energy emissions differ from the first energy emissions in at least one of an emission time,
phase and amplitude. The computing device also includes an interface connected to the processor and configured to
receive raw seismic data recorded with seismic receivers and generated as a result of the first and second energy
emissions, wherein the raw seismic data is indicative of seismic wave paths from the first and second bandlimited seismic
sources to the seismic receivers. The processor is further configured to separate the raw seismic data into a first
bandlimited set corresponding to the first bandlimited seismic source and a second bandlimited set corresponding to
the second bandlimited seismic source, and correct the seismic wave paths, from the first and second bandlimited
seismic sources to the seismic receivers, based on at least one of the first and second bandlimited sets.
[0009] According to another embodiment there is a computer-readable recording medium storing executable codes
which, when executed by a data processing unit make the data processing unit to perform a method as discussed above.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The accompanying drawings, which are incorporated in and constitute a part of the specification, illustrate one
or more embodiments and, together with the description, explain these embodiments. In the drawings:

Figure 1A illustrates the energy in the receiver domain in the F-K (frequency-wavenumber) domain to be a cone
bounded by the water velocity for a single source;
Figure 1B illustrates the energy in the receiver domain in the F-K (frequency-wavenumber) domain to be multiple
cones that overlap for two sources;
Figure 2 illustrates a marine seismic data acquiring system;
Figure 3A illustrates a gather corresponding to a low-frequency bandlimited source;
Figure 3B illustrates a gather corresponding to a high-frequency bandlimited source;
Figure 3C illustrates a gather corresponding to low-frequency and high-frequency bandlimited sources;
Figure 4 illustrates the spectrum of two bandlimited sources;
Figure 5A illustrates a gather corresponding to a low-frequency bandlimited source shot with a two to one pattern;
Figure 5B illustrates a gather corresponding to a high-frequency bandlimited source shot with at equidistant times;
Figure 5C illustrates a gather corresponding to the sum of the gathers illustrated in Figures 5A and 5B;
Figure 6 is a flowchart of a method for deblending simultaneously recorded seismic data;
Figure 7 illustrates the shooting of two bandlimited sources having different sweeps;
Figure 8 illustrates the shooting of two bandlimited sources with alternating time delays;
Figure 9 is a flowchart of another method for deblending simultaneously recorded seismic data;
Figure 10 is a flowchart of still another method for deblending simultaneously recorded seismic data;
Figure 11 illustrates a computing device that implements any of the methods discussed herein.

DETAILED DESCRIPTION

[0011] The following description of the embodiments refers to the accompanying drawings. The same reference
numbers in different drawings identify the same or similar elements. The following detailed description does not limit the
invention. Instead, the scope of the invention is defined by the appended claims. The following embodiments are dis-
cussed, for simplicity, with regard to marine vibrators that are operated in a simultaneous manner for generating seismic
data. However, similar embodiments and methods may be used for a land data acquisition system.
[0012] Reference throughout the specification to "one embodiment" or "an embodiment" means that a particular feature,
structure or characteristic described in connection with an embodiment is included in at least one embodiment of the
subject matter disclosed. Thus, the appearance of the phrases "in one embodiment" or "in an embodiment" in various
places throughout the specification is not necessarily referring to the same embodiment. Further, the particular features,
structures or characteristics may be combined in any suitable manner in one or more embodiments.
[0013] In various embodiments detailed in this section, seismic wavefields emitted by at least two bandlimited seismic
sources are interfering and they are recorded as such at the receivers. An objective of the novel approaches discussed
herein is to separate these wavefields in a first data set that corresponds to the first bandlimited source and a second
data set that corresponds to the second bandlimited source.
[0014] A bandlimited seismic source (see for example, U.S. Patent no. 8,837,259) is understood herein to be a source
that is able to generate acoustic waves in a limited bandwidth, e.g., 10 to 40 Hz, or 0-10 Hz, or any other frequency
range that is not larger than 100 Hz. In this regard, note that a typical seismic source that is not band limited is an air
gun. A conventional air gun, when fired, emits acoustic waves covering a large frequency range, for example, from 0 to
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2,000 Hz. Thus, according to the above noted definition, a traditional air gun is not a bandlimited source. A typical
bandlimited seismic source is a marine vibrator, i.e., a source that vibrates over some time to generate the seismic
waves. The generated seismic waves may have a changing frequency, for example, a linear sweep from 10 Hz to 40
Hz, or may emit in the bandlimted frequency range continuously with a pseudo-random emission. A vibrator emits a
frequency at each instant and this frequency changes in time. This means that the vibrator emits a sweep of waves, in
the given frequency range.
[0015] The embodiments to be discussed now use novel ways for firing the bandlimited sources such that the interfering
wavefields can be separated, processed and then subtracted from the raw data, which results in signal separation.
[0016] Two recent papers (Robertsson, J., Amundsen, L, and Sjoen Pedersen, A., 2016, "Wavefield signal apparition,
part I -Theory," EAGE conference proceedings, and Sjoen Pedersen, A., Amundsen, L, and Robertsson, J., 2016,
"Wavefield signal apparition, Part II - Application to simultaneous sources and their separation," EAGE conference
proceedings) have presented a source separation algorithm called "Wavefield Signal Apparition."
[0017] The authors of this theory noted that with a conventional marine acquisition, the energy in the receiver domain
will be limited in the F-K (frequency-wavenumber) domain to a cone bounded by the water velocity (which is about 1500
m/s), as illustrated in Figure 1A. As described in these papers, the Nyquist-Shannon sampling theory indicates that for
an analogue signal to be recovered from an infinite number of equidistant samples (sampling rate ks), the underlying
signal has to be bandlimited to k ≤ ks/2. Thus, the authors of these papers proposed a 2:1 shot-to-shot pattern for two
seismic sources to duplicate the energy at the spatial Nyquist. In this case, the wavefield signal data gathers in the FK
domain are illustrated in Figure 1B. The K part of the data remains at the signal cone centred around k=0 of the signal
and the J part of the data is mapped to a signal cone centred around the Nyquist wavenumber kN. Based on a relation
between K and J proposed in these papers, if either K or J is known as illustrated in Figure 1A, then, the other term can
be calculated. However, a problem with this method is that the data in region 100 is still contaminated. Note that Figures
1A and 1B are taken from the first reference noted above, m is a modulation function and N is the number of uniformly
space source points. The same reference proposes for a first source A a shooting sequence (e.g., the timing for shooting
the source) given by (...,1,1,1,1,...) and for a second source B a shooting sequence given by (...,1,A,1,A,1...), where A
represents a time delay.
[0018] The inventors of this application have observed that the algorithm noted above can be improved if bandlimited
sources are used for the simultaneous shooting, instead of airguns. More specifically, according to an embodiment
illustrated in Figure 2, a seismic data acquisition system 200 includes a vessel 202 that is configured to tow two different
sources, a first bandlimited source 210 and a second bandlimited source 220. The sources may be towed at a single
depth, or at more than one depth. In one application, it is possible that each source is towed by its own vessel. Each
bandlimited source may include a single source element or plural source elements. In other words, the first and second
bandlimited sources may be individual vibrators or source arrays that include plural vibrators. If the first and second
bandlimited sources are source arrays, the entire plurality of vibrators emits in the above-noted frequency band. Figure
2 also shows receivers 230 located on the ocean bottom (known in the art as ocean bottom nodes OBN) and connected
to each other by cables 232. Alternatively, seismic sensors 252 may be located on one or more streamers 250 towed
by the vessel 202 or another vessel.
[0019] The first bandlimited source 210 is driven to shoot based on a constant sequence (...,1,1,1,1,...), i.e., no timing
error or delay from shot to shot. This shooting for the first bandlimited source will result in an energy pattern as illustrated
in Figure 1A. However, the second bandlimited source 220 is driven with a 2:1 timing pattern, i.e., each second shooting
is delayed with a given value Δt relative to the timing pattern of the first bandlimited source, and this delay has an
alternating sign, i.e., it is positive, then negative, then positive and so on. Thus, the shooting sequence of the second
bandlimited source is given by (...,1, Δt,1, -Δt, 1, ...), where the time delay Δt may be expressed as a function (e.g., a
polynomial) or constant.
[0020] Note that the 2:1 pattern described herein relates to the fact that the embodiment describes a scenario with
two sources. It is possible to generalize the concepts described herein to N sources with an N:1 pattern.
[0021] The energies from sources 210 and 220 will interfere in the central cone (K in Figure 1 B), but the energy from
source 220, outside the cone, i.e., in region J in Figure 1B, does not interfere and can be used to separate the mixed
energy from the two sources. In general, this approach may help the separation of low-frequency energy, but at higher
frequencies, there will be further complications.
[0022] According to an embodiment, the first bandlimited source 210 emits in the frequency range [a, b], where "a"
and "b" are integer numbers with b - a < 100 Hz and the second bandlimited source 220 emits in the frequency range
[b, c], with "c" an integer number with and c - b < 100 Hz, and a < b < c. The first bandlimited source may be a low-
frequency (LF) source and the second bandlimited source may be a high-frequency (HF) source. The two bandlimited
sources are operating simultaneously as part of one or more seismic source arrays and also as part of a single seismic
survey.
[0023] Figures 3A-3C show a receiver gather recorded with an ocean bottom node. Figure 3A shows raw seismic data
from the LF bandlimited source (e.g., a marine vibrator) having a frequency range of about 0 - 10 Hz, Figure 3B shows
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raw seismic data from the HF bandlimited source (e.g., another marine vibrator) having a frequency range of about 10
- 40 Hz. The dB spectrum of these two bandlimited sources is shown in Figure 4, with curve 410 describing the energy
level from the first bandlimited source 210, curve 420 describing the energy level from the second bandlimited source
220, and curve 430 showing the combined energy of the two sources. Note that although the first bandlimited frequency
range [a, b] and the second bandlimited frequency range [b, c] are designed to form a continuous frequency range [a,
c], each bandlimited source generates energy that corresponds to frequencies outside the designed frequency range,
which makes the two sources to emit energy 430 within a frequency overlap range 440.
[0024] Note that although the overall frequency range of the two bandlimited sources is selected in this embodiment
to have no gap, i.e., it extends continuously from 0 to 40 Hz, there is a 5 Hz cross-over range 440 of energy between
the two bandlimited sources (between 7.5 Hz and 12.5 Hz as shown in Figure 4). The combination of the two emissions
is illustrated in Figure 3C. The F-K domain for each source and the combined sources is shown at the bottom of Figures
3A-3C. Note that a region 302 in Figure 3C contains blended signals from both sources (corresponding to energy 430
and overlap frequency 440). Also note that because of the frequency band separation of the two sources 210 and 220,
the regions above and below region 302 in Figure 3C are not contaminated in the FK domain, which is different from
the case illustrated in Figure 1B. In other words, because of the selection of bandlimited sources, zone 100 of blended
data illustrated in Figure 1B, which remains a problem even for the wavefield signal apparition theory introduced by the
two papers discussed above, is avoided in the present embodiments because the LF data is not present in that zone.
[0025] The two bandlimited sources 210 and 220 operate in this embodiment in phase, with emission signals com-
pensating for the free-surface ghost effect. However, for a real case, the following complications may arise: (1) the
emitted signals may not be in phase, (2) the bandlimited sources may not be at the same depth (this will give rise to a
variation in ghost amplitude/phase as a function of angle) and (3) the emitted signals in the overlap frequency range
440 may not be emitted in a spatially consistent way. These complications may make the process of energy separation
challenging in the area 302 of frequency overlap between the LF and HF energies.
[0026] Thus, according to another embodiment, it is possible to encode (e.g., phase, amplitude or another parameter
of the generated waves) one of the sources with a 2:1 alternating pattern to split the energy in the wavenumber direction
(X direction in Figures 3A-3C and 5A-5C). In this embodiment, the timing of the LF bandlimited source is encoded with
a 50 ms timing from sweep-to-sweep. Figure 5A shows how the LF energy has been split in the wavenumber direction
in three areas 502, 504 and 506. Note that because the sources are bandlimited, the LF energy in areas 504 and 506
do not interfere with the HF energy in area 510, in Figure 5B. Only the LF energy in the area 502 partially interferes with
the HF energy in the area 512.
[0027] However, following the processing discussed above with regard to Figures 1A and 1B, the largely uncontami-
nated LF energy in the areas 504 and 506 may be used to estimate the LF energy in the area 502, thus providing means
to separate the LF energy in the overlap area 512. This advantage of the present embodiment cannot be achieved with
airguns or other sources that are not bandlimited and selected to cover a frequency spectrum with no gaps as discussed
above.
[0028] A method for separating or deblending the seismic raw data recorded by the seismic receivers due to simulta-
neous shooting of first and second bandlimited seismic sources is now discussed with regard to Figure 6. In step 600,
a first bandlimited seismic source is considered (e.g., as moving along a first path X as illustrated in Figure 2) and a
shooting schedule is calculated according to a first fixed shooting sequence. The first fixed shooting sequence includes
equidistant (e.g., same spatial separation) first shooting positions that correspond to first energy emissions (e.g., the
energy emitted by the first source). In step 602, a second bandlimited seismic source is considered (which can be moving
along the same first path X or any other direction) and a second shooting sequence is calculated. The second shooting
sequence includes second shooting positions that correspond to second energy emissions and the second energy
emissions differ from the first energy emissions in at least one of an emission time, phase and amplitude. An emission
time refers to, for example, the timing of the energy emission. An emission phase difference refers to, for example, the
phase of the emission energy of one source relative to another source. An emission amplitude difference refers to, for
example, the amplitude of the emission energy of one source relative to another source. Regarding the different emission
time, this means that while the first bandlimited source emits energy regularly accordingly to the first shooting schedule,
the second bandlimited source emits energy in a non-regular manner, according to the second shooting schedule. The
regularity of the first bandlimited source means that its emission will be in the K cones whereas the energy emitted by
the second bandlimited source will be split between the K and J cones. For example, in a particular embodiment, the
second shooting positions are delayed with alternate positive and negative signs relative to the first shooting positions.
In another embodiment, with regard to the difference in the emitted energy phase, the second energy emissions have
a first phase difference relative to the first energy emissions, for odd second shooting positions, and a second phase
difference relative to the first energy emissions, for even second shooting positions. In still another embodiment, with
regard to the difference in the emitted energy amplitude, the second energy emissions have a first amplitude difference
relative to the first energy emissions, for odd second shooting positions, and a second amplitude difference relative to
the first energy emissions, for even second shooting positions.
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[0029] In still another embodiment, the second sequence shares every second point in time with the first sequence,
but the other points have an alternating time delay relative to the corresponding points in the first sequence. The time
delay may be constant, but its sign alternates over the duration of the first sequence. The time delay may have a value
between 2 ms and 1 s. The actual value is so selected that each recorded trace can be regularly sampled along the X
direction.
[0030] In step 604, the seismic raw data recorded with the seismic receivers as a consequence of shooting the first
and second bandlimited sources with the first and second shooting sequences is received and this data includes LF
data generated by the first bandlimited source and HF data generated by the second bandlimited source. In step 606,
the seismic raw data is processed as noted above in the first reference and explained with regard to Figures 5A-5C to
separate the LF and HF data from the overlapping zone of interest. This step involves transforming the recorded raw
seismic data from the time-space domain into the F-K domain (other domains are also possible as discussed later) and
using the uncontaminated LF energy corresponding to the wavenumbers at which the HF energy is not present (i.e.,
regions 504 and 506 in Figure 5A) to estimate the LF energy corresponding to the wavenumbers at which the HF energy
is present (i.e., region 502). In other words, step 606 may include transforming the raw seismic data from a time-space
domain to a frequency-wavenumber domain, using energy associated with the shooting of the first bandlimited source
with the time delay to reconstruct energy associated with the shooting of the first bandlimited source with no time delay,
and subtracting the reconstructed energy from the raw seismic data to obtain the first and second bandlimited sets. In
step 608, the separated data is used to generate an image of the surveyed subsurface, which is equivalent to adjusting
the wave paths of the recorded raw data.
[0031] While the above embodiments have been discussed in the context of OBN, it should be understood that the
same principles may be used on land, marine, ocean bottom cable (OBC), or transition zone data. The method is also
not limited to the use of marine vibrator sources. Instead of time-shift encoding, the flexibility of some sources (for
example, marine vibrators) allows for much more flexible signal encoding. Examples are not limited to phase encoding,
amplitude encoding, or another encoding. Transforms other than the FK domain may be used, e.g., curvelet, rank
reduction, SVD, wavelet, complex wavelet, tau-p, etc. The principles discussed above may be extended beyond one
spatial direction.
[0032] Another solution for shooting the first and second bandlimited sources so that the recorded raw data can be
deblended is now discussed. For this embodiment, consider again the marine acquisition system 200 illustrated in Figure
2 as having a LF bandlimited source 210 emitting energy in the frequency range of 2.5 Hz to 10 Hz and a HF bandlimited
source 220 emitting energy in the frequency range of 10 Hz to 40 Hz. One skilled in the art would understand that other
numbers are possible. Further, consider that the first and second bandlimited sources have been positioned at different
depths in the water-column, so that the frequencies being emitted will benefit from the constructive interference of the
free surface ghost. In this case, maximum constructive interference for vertical take-off energy will be at a frequency
given by: f=v/4z, where f is the frequency, v is water velocity, and z is the source’s depth. While the examples of 2.5 to
10 Hz and 10 to 40 Hz are discussed here, it should be understood that other frequency ranges may be used, for example
LF: 5 to 25Hz and HF: 25 to 100Hz.
[0033] When the first and second bandlimited sources operate simultaneously at different frequencies, the emitted
signals will be orthogonal and as such, any interfering energy resulting from the LF and HF operating at the same time
will be orthogonal, i.e., the recorded raw data is not blended. However, for practical reasons, it may be necessary to
operate the LF and HF bandlimited sources at the same frequency at the same time, at least for a small overlap of the
overall bandwidth.
[0034] If this is the case, in order to be able to deblend the recorded raw data, it is possible to synchronize the sweeps
702 and 704 of the LF and HF bandlimited sources 210 and 220, so that the energy in the overlap frequency range 706
is in phase, as shown in Figure 7. In this figure, line 702 represents the LF emission frequency as a function of time,
line 704 represents the HF emission frequency as a function of time and line 706 represents when both LF and HF are
emitting at the same frequency and at the same time. Figure 7 also shows the LF emission length 708 and the HF
emission length 710. It should be noted that the aim of this solution is that during the time when the two bandlimited
sources emit the same frequency at the same time (line 706), the HF and LF bandlimited sources also emit in phase,
and thus, in some sense, they may be considered to operate as a single source.
[0035] The free-surface ghost effect will modify the amplitude and phase of the resulting signal as now discussed.
The HF and LF driving signals for the two bandlimited sources may be designed so that the net signal, leaving the two
sources in a given direction (e.g., vertically downwards), will be in phase. For example, in the frequency domain, it is
possible to express this in phase condition as follows: 
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where,

H: HF emission signal;
zH: HF source depth;
L: LF emission signal;
zL: LF source depth
pz: Vertical slowness = 1/vw, where vw is the speed of sound in water; and
’Phase’ calculates the phase of the re-ghosted and surface re-datumed emission.

[0036] It should be understood that the given direction may not be vertical and/or may vary as a function of time. For
example, the phase of individual bandlimited sources within a source array may be adjusted relative to each other in
order to steer the emitted beam direction, thus benefiting from the maximum energy to a preferential direction. This
direction may vary as a function of time or may be fixed. Note that this is not possible with a traditional air gun.
[0037] One notes from Figure 7 that for this approach to be successful, the two bandlimited sources need to be
synchronized (their phases) and the sweep length 708 of the LF source needs to be equal the sweep length 710 of the
HF source. If the sweep lengths 708 and 710 are not equal, there would have to be a period of time where one of the
bandlimited source is idle. This is not easily achievable in practice. Note that according to this approach, the sweeps
may be linear or non-linear as long as the net output in the frequency overlap is in phase.
[0038] However, according to another embodiment, it is possible to combine the approach discussed with regard to
Figure 7 with the concept discussed with regard to Figure 6, i.e., to modify the phase (or other parameter) of the HF
source, from sweep to sweep to avoid these restrictions and also to be able to deblend the energy. More specifically,
in one application is possible to achieve this modification by repeating the following sequence: the sweep 704 of the HF
source is designed to be in phase with the sweep 702 of the LF source after which the next sweep of the HF source is
delayed with a given phase relative to the sweep of the LF source. This sequence is then repeated for the HF source
while both the HF and LF sources advance along a given path. Also, the LF source follows a constant (...,1,1,1, ...)
shooting sequence along this given path.
[0039] In another embodiment, the start time of the HF source sweep 704 may be delayed relative to the LF source
sweep 702 for consecutive sweeps as shown in Figure 8, i.e., with a positive delay (early start) followed by a negative
delay (late start) followed again by a positive delay and so on. One advantage of this embodiment is that there is no
need to synchronize the emissions from the LF and HF bandlimited sources. This means that different sweep lengths
for the LF and HF bandlimited sources may be used.
[0040] Some methods that use these approaches are now discussed with reference to Figures 9 and 10. Figure 9
illustrates a method for correcting seismic wave propagation paths through the earth. The method includes a step 900
of determining a first fixed shooting sequence for a first bandlimited seismic source, a step 902 of determining a second
shooting sequence for a second bandlimited seismic source, wherein the second shooting sequence is offset, with a
given time delay, relative to the first fixed shooting sequence, at every term of the second shooting sequence, a step
904 of receiving raw seismic data recorded with seismic receivers and generated as a result of the first and second
bandlimited seismic sources being shot with the first and second shooting sequences, respectively, wherein the raw
seismic data is indicative of seismic wave paths from the first and second bandlimited seismic sources to the seismic
receivers. The method also includes a step 906 of separating the raw seismic data into a first bandlimited set corresponding
to the first bandlimited seismic source and a second bandlimited set corresponding to the second bandlimited seismic
source, and a step 908 of correcting the seismic wave paths, from the first and second bandlimited seismic sources to
the seismic receivers, based on at least one of the first and second bandlimited sets. The first bandlimited source has
a first sweep, the second bandlimited source has a second sweep, the first sweep is in phase with the second sweep
for one term of the second shooting sequence and the second sweep has a phase delay relative to the first sweep for
a next term of the second shooting sequence. The given time delay may be a constant.
[0041] In one application, the first sweep overlaps with the second sweep so that the first and second bandlimited
sources emit the same frequency at the same time during an overlap frequency range. In another application, the first
sweep has a same length as the second sweep. In still another application, the first sweep and the second sweep cover
a given frequency range with no gaps.
[0042] In another application, the first sweep overlaps with the second sweep so that the first and second bandlimited
sources emit the same frequency at the same time during an overlap frequency range. In one application, the first sweep
and the second sweep cover a given frequency range with no gaps.
[0043] In still another application, the first bandlimited seismic source is configured to generate a first energy in a first
frequency range and the second bandlimited seismic source is configured to generate a second energy in a second
frequency range, and the first and second frequency ranges form a continuous frequency range. In an embodiment, the
first and second bandlimited sources generate energy within an overlap frequency range which extends into the first
frequency range and the second frequency range. It is possible that a size of the overlap frequency range changes from
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one term to a next term of the second shooting sequence. These steps may be applied to a system for which the first
bandlimited seismic source is a low-frequency vibrator and the second bandlimited seismic source is a high-frequency
vibrator and first and second frequency ranges corresponding to the first and second bandlimited sources form a con-
tinuous frequency range.
[0044] According to another embodiment illustrated in Figure 10, there is a method for correcting seismic wave prop-
agation paths through the earth and this method includes a step 1000 of determining a first fixed shooting sequence for
a first bandlimited seismic source, a step 1002 of determining a second shooting sequence for a second bandlimited
seismic source, wherein the second shooting sequence is offset, with a given time delay, relative to the first fixed shooting
sequence, at every term of the second shooting sequence, a step 1004 of receiving raw seismic data recorded with
seismic receivers and generated as a result of the first and second bandlimited seismic sources being shot with the first
and second shooting sequences, respectively, wherein the raw seismic data is indicative of seismic wave paths from
the first and second bandlimited seismic sources to the seismic receivers, a step 1006 of separating the raw seismic
data into a first bandlimited set corresponding to the first bandlimited seismic source and a second bandlimited set
corresponding to the second bandlimited seismic source, and a step 1008 of correcting the seismic wave paths, from
the first and second bandlimited seismic sources to the seismic receivers, based on at least one of the first and second
bandlimited sets. The given time delay has an alternating sign for consecutive terms of the second shooting sequence,
as illustrated in Figure 8.
[0045] In one application, the first bandlimited seismic source is configured to generate a first energy in a first frequency
range 702 and the second bandlimited seismic source is configured to generate a second energy in a second frequency
range 704, and the first and second frequency ranges form a continuous frequency range. In one application, the first
and second bandlimited sources generate energy over an overlap frequency range 706 that extends into the first frequency
range 702 and the second frequency range 704. In another application, a size of the overlap frequency range 706
changes from one term to a next term of the second shooting sequence, as also illustrated by Figure 8. In one embodiment,
the first bandlimited seismic source is a low-frequency vibrator and the second bandlimited seismic source is a high-
frequency vibrator and first and second frequency ranges corresponding to the first and second bandlimited sources
form a continuous frequency range.
[0046] Figure 11 illustrates a block diagram of a seismic data processing apparatus 1100 usable to perform these
methods, according to an embodiment. Hardware, firmware, software or a combination thereof may be used to perform
the various steps and operations. Apparatus 1100 includes a computer or server 1102 having one or more central
processing units (CPU) 1104 in communication with a communication module 1106, one or more input/output devices
(I/O) 1110 and at least one storage device 1108. Hardware, firmware, software or a combination thereof may be used
to perform the various steps and operations of the methods described in this section.
[0047] Communication module 1106 may be used to obtain the recorded raw seismic dataset. Communication module
1106 may intermediate wired or wireless communication of server 1102 with other computing systems, databases and
data acquisition systems across one or more local or wide area networks 1112.
[0048] I/O devices 1110 may be used to communicate with a user or to display any images or models of the surveyed
underground formation. I/O devices 1110 may include keyboards, point and click type devices, audio devices, optical
media devices and visual displays.
[0049] CPU 1104, which is in communication with communication module 1106 and storage device 1108, is configured
to perform the determination of the first and second shooting sequences and also to process the raw seismic data to
extract deblended first and second datasets as in any of the methods described in this document.
[0050] Storage device 1108 may include magnetic media such as a hard disk drive (HDD), solid state memory devices
including flash drives, ROM and RAM and optical media. The storage device may store data as well as software code
for executing various functions including the deblending methods described in this section.
[0051] The disclosed exemplary embodiments provide methods and systems for deblending seismic data. It should
be understood that this description is not intended to limit the invention. On the contrary, the exemplary embodiments
are intended to cover alternatives, modifications and equivalents, which are included in the spirit and scope of the
invention as defined by the appended claims. Further, in the detailed description of the exemplary embodiments, nu-
merous specific details are set forth in order to provide a comprehensive understanding of the claimed invention. However,
one skilled in the art would understand that various embodiments may be practiced without such specific details.
[0052] Although the features and elements of the present exemplary embodiments are described in the embodiments
in particular combinations, each feature or element can be used alone without the other features and elements of the
embodiments or in various combinations with or without other features and elements disclosed herein.
[0053] This written description uses examples of the subject matter disclosed to enable any person skilled in the art
to practice the same, including making and using any devices or systems and performing any incorporated methods.
The patentable scope of the subject matter is defined by the claims, and may include other examples that occur to those
skilled in the art. Such other examples are intended to be within the scope of the claims.
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Claims

1. A method for correcting seismic wave propagation paths through the earth, the method comprising:

determining (600) a first fixed shooting sequence for a first bandlimited seismic source (210), wherein the first
fixed shooting sequence includes equidistant first shooting positions that correspond to first energy emissions;
determining (602) a second shooting sequence for a second bandlimited seismic source (220), wherein the
second shooting sequence includes second shooting positions that correspond to second energy emissions,
and the second energy emissions differ from the first energy emissions in at least one of an emission time,
phase and amplitude;
receiving (604) raw seismic data recorded with seismic receivers (252) and generated as a result of the first
and second energy emissions, wherein the raw seismic data is indicative of seismic wave paths from the first
and second bandlimited seismic sources to the seismic receivers;
separating (606) the raw seismic data into a first bandlimited set corresponding to the first bandlimited seismic
source and a second bandlimited set corresponding to the second bandlimited seismic source; and
correcting (608) the seismic wave paths, from the first and second bandlimited seismic sources to the seismic
receivers, based on at least one of the first and second bandlimited sets.

2. The method of Claim 1, wherein the second shooting positions are delayed with alternate positive and negative
signs relative to the first shooting positions.

3. The method of Claim 1, wherein the second energy emissions have a first phase difference relative to the first energy
emissions, for odd second shooting positions, and a second phase difference relative to the first energy emissions,
for even second shooting positions.

4. The method of Claim 1, wherein the second energy emissions have a first amplitude difference relative to the first
energy emissions, for odd second shooting positions, and a second amplitude difference relative to the first energy
emissions, for even second shooting positions.

5. The method of Claim 1, wherein the step of separating comprises:

transforming the raw seismic data from a time-space domain to a frequency-wavenumber domain.

6. The method of Claim 1, wherein the first and second bandlimited seismic sources are vibrators.

7. The method of Claim 1, wherein the first bandlimited seismic source is configured to generate a first energy in a
first frequency range and the second bandlimited seismic source is configured to generate a second energy in a
second frequency range, and the first and second frequency ranges form a continuous frequency range.

8. The method of Claim 7, wherein the first and second bandlimited sources generate energy over an overlap frequency
range which extends into the first frequency range and the second frequency range.

9. The method of Claim 1, wherein the first bandlimited seismic source is a low-frequency vibrator and the second
bandlimited seismic source is a high-frequency vibrator and first and second frequency ranges corresponding to
the first and second bandlimited sources form a continuous frequency range.

10. The method of Claim 1, wherein the first shooting sequence is (...,1,1,1, ...) and the second shooting sequence is
(...,1, Δt, 1, -Δt, 1, ...), where Δt is a time delay.

11. A computing device (1100) for correcting seismic wave propagation paths through the earth, the computing device
comprising:

a processor (1104) configured to,
determine (600) a first fixed shooting sequence for a first bandlimited seismic source (210), wherein the first
fixed shooting sequence includes equidistant first shooting positions that correspond to first energy emissions,
and
determine (602) a second shooting sequence for a second bandlimited seismic source (220), wherein the second
shooting sequence includes second shooting positions that correspond to second energy emissions, and the
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second energy emissions differ from the first energy emissions in at least one of an emission time, phase and
amplitude; and
an interface (1110) connected to the processor (1104) and configured to receive (604) raw seismic data recorded
with seismic receivers (252) and generated as a result of the first and second energy emissions, wherein the
raw seismic data is indicative of seismic wave paths from the first and second bandlimited seismic sources to
the seismic receivers,
wherein the processor is further configured to,
separate (606) the raw seismic data into a first bandlimited set corresponding to the first bandlimited seismic
source and a second bandlimited set corresponding to the second bandlimited seismic source, and
correct (608) the seismic wave paths, from the first and second bandlimited seismic sources to the seismic
receivers, based on at least one of the first and second bandlimited sets.

12. The computing device of Claim 11, wherein the second shooting positions are delayed with alternate positive and
negative signs relative to the first shooting positions.

13. The computing device of Claim 11, wherein the second energy emissions have a first phase difference relative to
the first energy emissions, for odd second shooting positions, and a second phase difference relative to the first
energy emissions, for even second shooting positions.

14. The computing device of Claim 11, wherein the second energy emissions have a first amplitude difference relative
to the first energy emissions, for odd second shooting positions, and a second amplitude difference relative to the
first energy emissions, for even second shooting positions.

15. The computing device of Claim 11, wherein the processor is further configured to:

transform the raw seismic data from a time-space domain to a frequency-wavenumber domain.
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