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ABSTRACT

In this paper, we propose a novel three-dimensional receiver deghosting algorithm

that is capable of deghosting both horizontal and slanted streamer data in a theoret-

ically consistent manner. Our algorithm honours wave propagation phenomena in

a true three-dimensional sense and frames the three-dimensional receiver deghosting

problem as a Lasso problem. The ultimate goal is to minimise the mismatch between

the actual measurements and the simulated wavefield with an L1 constraint applied in

the extended Radon space to handle the underdetermined nature of this problem. We

successfully demonstrate our algorithm on a modified three-dimensional EAGE/SEG

Overthrust model and a Red Sea marine dataset.

Key words: Data processing, Deghosting, Inversion.

INTRODUCTION

Receiver deghosting of seismic streamer data is a longstand-
ing challenge. The air—water interface is a strong reflector;
hence, acoustic waves are reflected downward at the inter-
face and interfere with the upgoing wavefield at the streamer
locations. This is the well-known receiver ghost effect in ma-
rine streamer seismic data acquisition, which causes a notch
in the trace frequency spectrum and can result in distortions
of both phase and amplitude. Receiver deghosting strives
to remove the receiver ghost reflection from marine seis-
mic streamer data. With the advancement of marine broad-
band data acquisition and processing, it is more crucial than
ever to apply proper 3D receiver deghosting technologies to
better preserve both bandwidth and resolution in recorded
data.

Many receiver deghosting techniques have been pro-
posed. Weglein et al. (2002), Ramirez and Weglein (2009),
Amundsen and Zhou (2013), and Amundsen, Weglein and
Reitan (2013a) use Green’s theorem as the general theoret-
ical framework in deghosting. Fokkema and van den Berg
(1993) and Riyanti et al. (2008) resorted to a mixed-domain
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inversion. Posthumus (1993) and Ferber, Caprioli and West
(2013) used streamers at different depths to deghost. Soubaras
(1996); Carlson et al. (2007); Robertsson et al. (2008); Ozbek
et al. (2010); Kamil and Caprioli (2014); Kamil, Yadari and
Vassallo (2014); and Poole (2014) proposed to use multi-
component data for receiver deghosting. Wu ef al. (2014) and
Wang, Ray and Nimsaila (2014) used a progressive sparse
T—p,-p, inversion method to perform 3D joint deghosting and
crossline interpolation using single-component pressure data.
Kragh et al. (2004) and Amundsen et al. (2005) proposed to
use the approximated pressure gradient to remove the ghost
signals. Roberts and Goulty (1990), Soubaras (2010), and
Amundsen et al. (2013b) applied deconvolution to suppress
the ghost signals. Wang and Peng (2012) proposed a bootstrap
approach, which first builds the mirror data using ray tracing
and then compares the recorded data with the mirror data
to estimate the deghosting operator. Berkhout and Blacquiere
(2014) pointed out the similarity between deghosting and seis-
mic deblending and therefore proposed to handle deghost-
ing just like deblending. Egan, El-Kasseh and Moldoveanu
(2007) demonstrated deghosting with over/under source ac-
quisition. Rickett (2014) used joint interpolation deghost-
ing to achieve genuinely 3D deghosting. Beasley, Coates and
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Figure 1 Schematic of streamer data acquisition. Streamers could be
in any shape in reality: curved, horizontal, slanted, etc.

Ji (2013a); Beasley et al. (2013b); and Beasley and Coates
(2014) proposed a wave equation deghosting method, which
strives to honour wave propagation and causality as much as
possible.

For 3D receiver deghosting, almost all the reported meth-
ods require dense wavefield sampling, but in real data ac-
quisition, the crossline interval is normally much larger than
the inline interval (typically, the ratio of inline interval to
crossline interval varies between 1:4 and 1:16), which violates

this fundamental assumption. As a trade-off, most methods

Water Surface

ﬁ- Dense Wavefield
Fon;a:N Backward Propagation

Propagation
reflection considered) Streamer

(with surface

Figure 2 Schematic of our proposed solution.

Crossline Direction (km)

choose either to work only on dense 2D inline data (Beasley
et al. 2013a, 2013b; Beasley and Coates 2014; Berkhout and
Blacquiere 2014) or make a 1D propagation assumption
(Soubaras 1996). Rickett (2014) utilised interpolation in his
method explicitly as an independent operation; however, in-
terpolation for real data is not trivial, which makes it difficult
to optimally apply both steps without a propagation of errors.
As aresult, for 3D field data, the receiver deghosting challenge
is actually two-phase, which involves handling wavefield un-
dersampling issue, followed by the actual receiver ghost signal
removal.

In this paper, we propose a novel 3D receiver deghost-
ing algorithm that is capable of dealing with both horizontal
and slanted streamers in a theoretically consistent manner.
Our method honours 3D wave propagation phenomena and
simultaneously reconstructs the deghosted wavefield in a self-
consistent manner. In addition, we also propose a redundant
extended Radon dictionary to be used in our inversion. Our al-
gorithm frames the 3D receiver deghosting problem as a Lasso
problem (Tibshirani 1996), and the ultimate goal is to min-
imise the mismatch between the actual measurements and the
simulated wavefield, with an L1 constraint in our extended
Radon space to handle the underdetermined nature of this
problem. We demonstrate our algorithm on data generated
from a realistic modified 3D EAGE/SEG Overthrust model
and a Red Sea marine dataset.

6000
Velocity (m/s)
5500
5000
4500~

4000~

3500~

3000 =

1500

Inline Direction (km)

Figure 3 The modified 3D EAGE/SEG Overthrust model with a 500 m-thick water layer on top. The corresponding density model is built using
Gardner’s equation, except for the water layer where the density is set to 1000 kg/m?.
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Figure 4 Data acquisition schemes for (a) the horizontal streamer case and (b) the slanted streamer case. The red star designates the source
position (750 m, 750 m, 5 m). Inline (Y-direction) spacing is 12.5 m, and crossline (X-direction) spacing is 50 m. For the slanted streamer,
receivers within the initial 500 m in the inline direction are at z = 25 m, and after that, for every 1 km, the receiver depth is further increased
by 2.5 m. The deepest receiver depth is 40 m at the maximum offset. Other parameters are the same as in the horizontal streamer case.

THEORY AND ALGORITHM components are suppressed or even cancelled out, and this is

. .. . . the well-known receiver ghost effect. Figure 1 is a schematic
In marine seismic data acquisition, towed streamers, which,

. . . . f thi . Und led field i ther chall
in reality, can be in any shape (e.g., horizontal, slanted, o TS process. Ldersampled wave lelc 1s arother clatlenge

in streamer data acquisition. Usually, the crossline interval
or even curved), are normally placed from a few metres

is much larger than the inline interval (in reality, the ra-
to several tens of metres below the water surface; hence,

. . tio of inline to crossline interval varies between 1:4 and
the streamers actually record the scattered wavefield twice,

. . 1:16); hence, th ired field i lly aliased i
i.e., once upward and the other time downward after the s hence, the acquired wavefield is generally aliased in

. . ) ) the crossline direction, which further complicates receiver
wavefield is reflected by the air-water interface. Due to ’ P

. . . deghosting.
the interference of these two wavefields, certain frequency g &
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Figure 5 The central/near-offset cable in the horizontal streamer case of the modified EAGE/SEG Overthrust model (a) before and (b) after our

3D receiver deghosting.

To handle the receiver deghosting problem in a more
physical manner, wave propagation phenomena should be
better honoured, and this requires the undersampled wave-
field challenge and the receiver ghost removal to be addressed

simultaneously. Because the complete receiver ghost process
happens only in water, which can be treated as an isotropic
and homogeneous medium, acoustic wave propagation the-
ory is sufficient to describe it, and we choose the Rayleigh

© 2018 European Association of Geoscientists & Engineers, Geophysical Prospecting, 66, 987-1003



Deghosting seismic streamer data using inversion and Radon dictionary 991

—_
Q
~
o X

0.2 0.4

20

ey
o

Frequency (Hz)

(o2}
o

® , K

N
o

N
o

Frequency (Hz)

(o2}
o

Figure 6 FK spectra of the traces from the central/near-offset cable in
the synthetic horizontal streamer case from the modified EAGE/SEG
Overthrust model: (a) before and (b) after 3D receiver deghosting.
The red arrow points to the frequency notch area.

integral (see, e.g., the work of Gisolf and Verschuur (2010))
as our wave propagation modelling engine. For the Rayleigh
integral to hold, two conditions have to be met: its integral
surface has to be a plane and wavefield sampling on this pla-
nar surface has to be dense. We propose to directly solve for
the densely sampled upgoing wavefield at the water surface
since it can meet these two conditions simultaneously: the
wavefield is dense by our definition, and the water surface,
in reality, is close to a planar surface at the wavelengths un-
der study. With this in mind, the total scattered wavefield
recorded by receivers can then be described as summation of
the backward propagated wavefield from the water surface to
the receiver locations and the forward propagated wavefield,
taking into account surface reflections, from the water sur-
face to the receiver locations. This idea of treating the water
surface as a mirror reflector was also adopted by some other
researchers (see, e.g., the works of Poole (2013) and Hard-
wick et al. (2015)). Note that, in our model, streamers in any

shape can be handled because the integral can be accurately
evaluated for any receiver location as long as the correspond-
ing wave propagation operator is provided. Figure 2 shows a
schematic of the receiver ghost process using our model (note
that direct arrivals are assumed to have been removed), and
mathematically, it can be described as

b=SP h+SP'Rh = S(P~ +P"R)h, (1)

where b is a vector containing the measured data at known
receiver depths; h is the dense wavefield vector at the water
surface; S is a subsampling matrix corresponding to the real
data acquisition scheme in both the inline and the crossline
directions; P~ and P* are the backward and forward one-
way wave propagation matrices from the water surface to
the predefined dense receiver locations, which cover the ac-
tual receiver locations; and R is the water surface reflectiv-
ity matrix. Although h is a vector in equation (1), it actu-
ally consists of a 3D shot gather f(g., g, ¢) where g, and
g, are the x and y positions of the receiver at the water
surface.

Because of the existence of S in equation (1), the mea-
sured data is undersampled, i.e., dim(b) < dim(h); hence,
matrix S(P~ +P*R) is generally not mathematically invert-
ible. To overcome this mathematical hurdle, we propose
to frame the receiver deghosting problem as the following
equations:

min,, HAu —b|| 5 s.t. lull; < T, (2)
with
A=S(P" +P'R)D. (3)

In equations (2) and (3), u is a vector containing the en-
coded dense wavefield at the water surface, and D is a trans-
formation matrix, which yields h = Du. The key to the success
of equation (2) is to find a suitable redundant dictionary so
that the encoded wavefield u in this dictionary is a sparse
representation of the dense wavefield h at the water surface.

In our algorithm, we encode this dense wavefield per
crossline slice, i.e., the data slice perpendicular to the streamer
cables, and every crossline slice has its own representation.
Together with the transformation matrix D, this encoding

step is expressed mathematically as

© 2018 European Association of Geoscientists & Engineers, Geophysical Prospecting, 66, 987-1003
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Figure 7 The first/furthest-offset cable in the horizontal streamer case of the modified EAGE/SEG Overthrust model (a) before and (b) after our
3D receiver deghosting.
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Figure 8 FK spectra of the traces from the first/furthest-offset cable
in the synthetic horizontal streamer case of the modified EAGE/SEG
Overthrust model: (a) before and (b) after 3D receiver deghosting.
The red arrow points to the frequency notch area.

hslice 1
hsllce 2
h = =Du
hslice n—1
hslice n (4)
DZd 0 0 0 Wlice 1
0 D2d 0 0 Wlice 2
0 0 D 0
L 2d Uglice n—1
L 0 0 0 Dld Uice n
where u;, ; is a vector containing the wavefield representa-

tion of crossline slice 7 of the dense wavefield and D, is the
corresponding matrix that transforms the encoded wavefield
ug;., ; to wavefield hg,,, ;, which contains slice i of the dense

wavefield at the water surface.

We propose a redundant extended Radon dictionary for
our algorithm to work with. The building blocks of this new
dictionary are as follows:

filx) =7 + px, (5)

f:g,h(x) =T+q(x_ah)ga 8> 11 (6)

where a;, is an apex location of the gth-order Radon curve.
Linear Radon atom, which is described by equation (§), is
always considered in our calculation, and on top of it, we
have freedom to include some higher order Radon atoms with
shifted apices, as described by equation (6). In other words,

our intention is to decompose the data h into wavefronts

slice i
depicted by different Radon curves. Using our redundant ex-
tended Radon dictionary, D, in equation (4) can be decom-
posed into a combination of contributions of different build-

ing blocks, which is expressed now as

_ 11
D,, = F 'O
[Ll Loy Lop oo Loy Lyyooo Ly oo Ly ]
OF, (7)
where
L, 0 0 0
0 L., 0 0
1 = . ’ (8)
0 0 0
LwNmax_l
0 0 0 Lio,
L x
with
e~i0x, by e~i0X b, e_llur'(l pm‘ -1 e_“"l X pm‘
XN eio% 0, e’“"vxzﬁulq e””’."zpm‘
L1.m, =
eI Py PN IO Py, e”"”: N1 Py,
N N e NPy - o NPy,
L<i<N,,. )
and where
LSJ’".LUI 0
0 Ls,mwz
L. = : - : ,
0 0 0
0 0 0 Ls,m.wN
2<s<g,1§m<ng, (10)

© 2018 European Association of Geoscientists & Engineers, Geophysical Prospecting, 66, 987-1003
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Figure 9 The central/near-offset cable in the slanted streamer case of the modified EAGE/SEG Overthrust model (a) before and (b) after our 3D
receiver deghosting.
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Figure 10 FK spectra of the traces from the central/near-offset
cable in the synthetic slanted streamer case of the modified
EAGE/SEG Overthrust model: (a) before and (b) after 3D re-
ceiver deghosting. The red arrow points to the frequency notch

area.
with
e—iw,(x1 —am)sql e—iwi(x1 —am)sqz
e*iwy(xz*“m)s‘h e*iwi(xz*“m)sqz
Ls,m.w =

i S
e @i (eN—1=4,) 4

efiwx(foam)Sql efimz(foam)SqZ

where w; is the angular frequency. In equation (7), F is the
discrete Fourier transformation (DFT) matrix; F~! is the
inverse DFT matrix; [L; L,; L,, --- L., Lsi

L;,, -+ Lg, 1 is the redundant extended Radon ma-
trix, where L, is the linear Radon transformation matrix as

; S
e—lw, (%1—a,,) qM571

; S
e_m‘ (%) —a,,) qu—l

' . s
e~ (xn_1=a,,) e @il

; s
e*lwi(".\v*”m) M 1

detailed in equations (8) and (9), and Lg_ng is the gth-order
Radon transformation matrix with the curve apex at a, as
detailed in equations (10) and (11); O is a matrix that shuffles
the vector to a suitable order, which the redundant extended
Radon matrix can operate on; and O~! is the inverse of O,
which shuffles the vector back to the original order for the
inverse Fourier transform.

Equations (2) to (11) form the backbone of our deghost-
ing method, and once u is solved, the iz situ deghosted wave-
field SP~Du can then be easily calculated.

Equation (2) is the famous Lasso problem in mathematics
(Tibshirani 1996), for which various solvers have been pro-
posed. In our algorithm, the SPGL1 solver (van den Berg and
Friedlander 2008) is used. There are two major advantages
of using SPGLI1. First, SPGL1 does not require calculating
the inverse of A in equation (2) in any sense but only re-
quires the Hermitian of A, which can be computed straightfor-
wardly. Second, SPGL1 supports operator calculations; hence,
although in our theory equations (2) to (11) are all in matrix
format, in our implementation, all these calculations are done
via operators, which not only saves memory but also makes
the implementation much easier. However, we find that, in
the SPGL1 method, the step involving projection onto a di-
agonally weighted 1-norm ball (L1 projection) is the domi-
nant factor in computation speed. Therefore, we recommend
replacing the original sorting-based L1 projection algorithm
with the active set method, which is not only faster in terms of
computational complexity but also very suitable for paralleli-
sation. Details on our active set method-based L1 projection
can be found in the Appendix.

To achieve satisfying results, it is crucial to properly build
P~ and P' in equation (3). In the Rayleigh theory, the inte-

oot —am)Squ
e—iwl(xz—am)qus

, 1<i< Ny, (11)

; s
e*“"i("Nfl —a,,) M,

; N
e*’wi(XN’”m) I,

gral aperture should be infinite, but in reality, this require-
ment is not practical. As a result, P~ and P* have to take
this limited aperture into consideration and different choices
of implementation of these two propagation matrices will

bring slightly different results. In this paper, we suggest to

© 2018 European Association of Geoscientists & Engineers, Geophysical Prospecting, 66, 987-1003
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Figure 11 The first/furthest-offset cable in the slanted streamer case of the modified EAGE/SEG Overthrust model (a) before and (b) after our

3D receiver deghosting.

use weighted least-squares optimised one-way propagation
operators (Thorbecke, Wapenaar and Swinnen 2004) to build
P~ and P*. An advantage of using a limited aperture is that
the wavefield calculation can be decoupled; for the wavefield
within a certain area (even including the time direction), only

a limited integral area in the integral plane needs to be consid-
ered. Therefore, in our calculations, we divide the complete
solution area into overlapping small windows or volumes and
then work on each one separately. In the end, all these sub-
results are averaged and spliced together via a trapezoidal

© 2018 European Association of Geoscientists & Engineers, Geophysical Prospecting, 66, 987-1003
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Figure 12 FK spectra of the traces from the first/furthest-offset
cable in the synthetic slanted streamer case of the modified
EAGE/SEG Overthrust model: (a) before and (b) after 3D re-
ceiver deghosting. The red arrow points to the frequency notch
area.

weight function to form the final complete result. Two ben-
efits can be obtained from this approach: (1) although the
complete dataset may be huge, a subset can be of realistic size
to be handled with limited computation resources, and (2) due
to both the edge effect of the integral aperture and the lim-
ited number of building blocks in the dictionary, computation
artefacts are unavoidable but can be suppressed via averaging
as the sub-areas overlap.

Operator R in equation (3) should also be handled with
care. Although in most reported methods R is always assumed
to be —1I, in reality, its behaviour is much more complex as the
water surface cannot be perfectly flat. To our knowledge, this
point has not been dwelled on adequately yet (Orji, Sollner
and Gelius 2013); however, we leave 3D receiver deghosting
with variable R for future research, and for the time being, R
is assumed to be —L.

EXAMPLE: A MODIFIED
THREE-DIMENSIONAL EAGE/SEG
OVERTHRUST MODEL

We first use a realistic synthetic example from a modified 3D
EAGE/SEG Overthrust model (Aminzadeh, Brac and Kunz
1997) to demonstrate our method. First of all, a 500 m-
thick water layer is put on top of the original 3D model,
and a subset of this new model is selected. The subset com-
prises, in the X-direction, between 10 km and 11.5 km (as
the crossline direction in our modelling, x € [0 m, 1500 m]),
and in the Y-direction, it comprises between 7.5 km and 14.5
km (as the inline direction, y € [0 m, 7000 m]) (Fig. 3). The
corresponding density model is also built based upon this
modified velocity model, with densities derived from the ve-
locities via Gardner’s equation (Gardner, Gardner and Gre-
gory 1974), except for the water layer where the density
value is set to 1000 kg/m?3. Acoustic 3D finite-difference time-
domain (FDTD) modelling is used as our forward modelling
engine.

Two different data acquisition schemes are considered
here, i.e., using horizontal streamers and using slanted stream-
ers. In both cases, the source wavelet is a Ricker with a
20-Hz dominant frequency, which is located at x = 750 m,
y =750 m, and z = 5 m. The maximum frequency used in our
inversion is limited to 75 Hz. The seismic streamers cover an
area of + 250 m in the crossline direction by 6 km in the inline
direction with offsets from 500 to 6500 m. The inline receiver
interval is 12.5 m, and the crossline interval is 50 m. For the
horizontal streamer case, the streamer depth is set at 30 m
(Fig. 4a). For the slanted streamer case, due to the fact that
FDTD is our simulation method, continuously varying depths
cannot be easily defined. As a compromise solution, we use a
quasi-slanted data acquisition scheme where receivers are all
at the same depth in the crossline direction, whereas in the in-
line direction, the receiver depths form a staircase, i.e., within
the first 500 m offset, the receivers are at 25 m depth, and after
that, for every 1 km increase in offset, the receiver depths are
increased by 2.5 m until they reach 40 m at maximum offset.
Figure 4b shows this quasi-slanted streamer configuration in
detail.

To suppress computation artefacts in our calculation,
overlapping windows or sub-volumes are used. Each sub-
volume comprises the entire trace and crossline aperture,
whereas in the inline direction, the window length is 500 m.
The first sub-volume starts at y = 500 m in the inline di-
rection, and sub-volumes overlap by 300 m, moving up by

200 m in each successive window in the inline direction.

© 2018 European Association of Geoscientists & Engineers, Geophysical Prospecting, 66, 987-1003



998 Y. Sun and E. Verschuur

Trace No.
(@) o 3800 4000 4200

Trace No.
(b) o 3800 4000 4200

Figure 13 The central/near-offset cable of the Red Sea field data (a) before and (b) after 3D receiver deghosting.

The final deghosted result is the arithmetic average of all these
sub-volumes. A 250 m by 250 m Rayleigh integral aperture
is used to build propagation operators. In equation (7), the
linear Radon term plus three parabolic Radon terms are used.
Apex values in the parabolic Radon terms can be selected in
many ways, and in this example, they are determined using the
idea of matching pursuit (Mallat and Zhang 1993). For each
spatial window, the central crossline slice in the inline direc-
tion is picked out first (for instance, if there are three crossline
slices in this spatial window, y = y;, y = y;+Ay, y = y;+2Ay,
then pick out the crossline slice y = y,+Ay). Next, we calcu-
late the parabolic Radon contribution with the apex scanned
through the whole crossline range and then pick out the apex
value that leads to the smallest residual on this crossline slice.
Contributions from this apex value are deducted from the

current crossline slice, and the residual slice is used as the new
crossline slice. This process is repeated until all needed apex
values have been selected.

Figures 5-12 show the results for both the horizontal
streamer and the quasi-slanted streamer case. Figure 5 shows
the central/near-offset cable in the horizontal streamer situa-
tion before and after our 3D receiver deghosting. Figure 6
shows the FK spectra in Fig. 5, and there, it is clearly
shown that the receiver ghost notch has been nicely recovered.
Figure 7 shows the first cable, i.e., the furthest-offset cable,
in the horizontal streamer situation before and after our 3D
receiver deghosting, and Fig. 8 shows its corresponding FK
spectra, from which nice receiver ghost notch recovery can
also be found easily. Figures 9-12 show the results in the

slanted streamer situation in the same manner as in Figs. 5-8.

© 2018 European Association of Geoscientists & Engineers, Geophysical Prospecting, 66, 987-1003
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Figure 14 Zoom-in view of the first 4 s window of the initial 400
traces of the central/near-offset cable shown in Fig. 13.

EXAMPLE: A RED SEA FIELD DATA TEST

For the field data case, a 3D shot gather from the Red Sea is
used to demonstrate our deghosting method. The data com-
prise ten streamers with a nominal group spacing of 12.5 m,
a streamer spacing of 100 m, and a streamer length of 9 km.
This shot gather has 7200 traces in total. The air gun source
depth is 9 m with the streamers at a nominal depth of
12 m. The time sampling rate is 2 ms with a trace length of

Frequency (Hz)

Frequency (Hz)

Figure 15 FK spectra from the central/near-offset cable in the Red
Sea field data (a) before and (b) after 3D receiver deghosting. The red
arrow points to the frequency notch, and the red ellipse highlights the
area where the inline aliased data also show spectral broadening.

10 s. In our 3D receiver deghosting procedure, the wavefield
at the water surface is parameterised on a 6.25 m by 6.25 m
grid, and the maximum frequency used in our inversion is
120 Hz. As in the synthetic data example, a square 250 m
by 250 m wave propagation aperture is used, and the wa-
ter velocity is set to 1500 m/s. We still assume R to be —L
The bubble signals were not removed prior to our 3D receiver
deghosting as bubble signals also fit into our receiver ghost
model and hence can also be properly receiver deghosted.
As for the synthetic example above, the linear Radon term
plus three parabolic terms are used as the building blocks in
our dictionary, and the apex value selection is also done in
a similar fashion. The data sub-volumes used in this exam-
ple comprise the entire crossline range, with a 500 m win-
dow in the inline direction and a 5 s time window. The sub-
volume step in the inline direction is 100 m, and in the time
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Figure 16 The first/furthest-offset cable in the Red Sea field data (a) before and (b) after 3D receiver deghosting.

direction, it is 2.5 s, i.e., sub-volumes overlap by 400 m
in the inline direction and by 2.5 s in time.

Figure 13 shows data from the central/near-offset cable
before and after 3D receiver deghosting, and Fig. 14 shows
the zoom-in view of the first 4 s time window of the ini-
tial 400 traces in Fig. 13. Figure 15 shows the FK spectra
in Fig. 13. Figures 16-18 show results of the first/furthest-
offset cable in the same manner as in Figs. 13-15. In Figs.
15 and 18, the receiver deghosting effect is clearly visi-
ble as the notch has been well recovered and the overall
spectrum has been broadened. Note that the inline aliased
part of the data, visible in the bottom left corner in the
FK domain (Figs. 15 and 18), has also been properly han-
dled and shows the appropriate spectral whitening following
deghosting.

CONCLUSIONS

In this paper, we have proposed a novel 3D receiver deghost-
ing algorithm that is capable of dealing with both horizontal
and slanted streamers in a theoretically consistent manner.
Our algorithm fully honours wave propagation phenomena
during marine streamer acquisition in a true 3D sense, and
it implicitly and self-consistently reconstructs the deghosted
wavefield at the water surface. Mathematically, our method
frames the receiver deghosting problem as a Lasso problem,
and the SPGL1 method is used as its mathematical solver.
We also proposed a new redundant dictionary, i.e., the re-
dundant extended Radon dictionary, as our basis dictionary.
We have successfully demonstrated our method on a mod-
ified 3D EAGE/SEG Overthrust model and a Red Sea field
dataset.
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Figure 17 Zoom-in view of the first 4 s window of the
initial 400 traces of the first/furthest-offset cable shown in
Fig. 16.
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APPENDIX: ACTIVE SET METHOD OF
PROJECTION ONTO A DIAGONALLY
WEIGHTED 1-NORM BALL

Theorem 5.3 in the work of van den Berg and Friedlander
(2011) is re-stated here.

Theorem 5.3. For fixed X, A, and diagonal W,
o1
x(A) == argmin, > % — x5 + AIWx],
= sgn(X) max {O, x| — A |w|}.

The active set method of projection onto a 1-norm ball
has been reported multiple times (Michelot 1986; Condat
2016), but we have not seen any report on the active set
method of projection onto a diagonally weighted 1-norm ball,
although this is just a generalisation of the non-weighted ver-
sion. Hereby, we list the algorithm as follows:

1. Set ABS X :=|X|, ABS W:=|W|
2. Set active set V := ABS X, and p := %
3. Do, while active set V changes
3.1 Replace V with its subsequence (absx, €
Vl0abs x, > p abs w,,)
abs x,, v abs w, abs x, =4
3.2 Setp:= Zabs:’cns" bvu, abs

4. Set x, := sgn(x,) max{0, abs x, — p abs w,}
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