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ABSTRACT

Conventional migration uses the seismic data set recorded at a
given depth as one initial condition from which to implement
wavefield extrapolation in the depth domain. In using only
one initial condition to solve the second-order acoustic wave
equation, some approximations are used, resulting in the limi-
tation of imaging angles and inaccurate imaging amplitudes. We
use an over/under bilayer sensor seismic data acquisition system
that can provide the two initial conditions required to make the
second-order acoustic wave equation solvable in the depth do-
main, and we develop a two-way wave equation depth migration
algorithm by adopting concepts from one-way propagators,
called bilayer sensor migration. In this new migration method,
two-way wave depth extrapolation can be achieved with two

one-way propagators by combining the wavefields at two differ-
ent depths. It makes it possible to integrate the advantages of
one-way migration methods into the bilayer sensor system.
More detailed bilayer sensor migration methods are proposed
to demonstrate the feasibility. In the impulse response tests,
the propagating angle of the bilayer sensor migration method
can reach up to 90°, which is superior to those of the correspond-
ing one-way propagators. To test the performance, several mi-
gration methods are used to image the salt model, including the
one-way generalized screen propagator, reverse time migration
(RTM), and our bilayer sensor migration methods. Bilayer sen-
sor migration methods are capable of imaging steeply dipping
structures, unlike one-way propagators; meanwhile, bilayer
sensor migration methods can greatly reduce the numbers of
artifacts generated by salt multiples in RTM.

INTRODUCTION

Reverse time migration (RTM) is a key technique and research
focus in imaging because the method can deal with all kinds of
waves in arbitrary velocity changing models without dip limitations
(Baysal et al., 1983; Chang and McMechan, 1987; Zhang et al.,
2007b). RTM can solve problems that conventional one-way
migration techniques are unable to tackle, especially when imaging
complex structures and steeply dipping reflectors. The full wave
equation can describe the propagations of seismic wavefields in
all directions in arbitrary velocity variation media, so it is a key part
of a range of advanced techniques, such as RTM and FWI. (Taran-
tola, 1984; Pratt et al., 1998; Brossier et al., 2009; Virieux and
Operto, 2009). Although some weaknesses exist in RTM, such

as the huge memory cost and the low-frequency artifacts, research-
ers are seeking to reduce these weak points with skillful techniques
(Yoon and Marfurt, 2006; Guitton et al., 2007; Clapp, 2009).
As a full wave equation separation migration method, one-way

wave propagators provide a reliable kinematic solution for acoustic
and elastic waves (Stoffa et al., 1990; Ristow and Ruhl, 1994; Wu,
1994, 2003; De Hoop et al., 2000). One-way wave propagators
provide correct phases and amplitudes within limited propagating
angles, especially for the strong velocity contrast media. Much re-
search has been carried out to study wide-angle one-way wave
propagators. Lee and Suh (1985) use the least-squares method
for optimizing coefficients of partial fractions approximated from
the one-way square root equation, and optimized coefficients
can make the propagating angle reach approximately 90°. Biondi
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(2002) proposes a Fourier finite difference (FFD) plus interpolation
method to make the conventional finite-difference propagator suit-
able for wide-angle propagation. Huang et al. (2000) propose a
globally optimized FFD propagator using the rational approxima-
tion of the square-root equation, achieving a larger propagating an-
gle than that of the conventional FFD method. Han and Wu (2005)
develop a high-order Padé series expression based on Xie and Wu
(1998) to improve wide-angle accuracy for strong contrast and
anisotropic media. Jia and Wu (2009) present a super-wide-angle
one-way wave propagator by dealing with one-way wave propaga-
tion in the horizontal and vertical directions, making turning wave
imaging possible. Guddati and Heidari (2005) abandon the classical
one-way wave equation and use arbitrarily wide-angle wave equa-
tions to calculate highly accurate wavefields for complex structures.
Zhang et al. (2010) use the Chebyshev polynomials to approximate
the square-root equation and apply simulated annealing to optimize
its coefficients for improving the accuracy of wide-angle waves.
The conventional one-way equation migration methods usually
use Taylor, Padé, or other mathematic series to approximate the
one-way propagator. Using a higher order mathematic series can
achieve a wider imaging angle, but it is still very hard to reach 90°.
Despite great achievements in one-way wave equation migration
methods, imaging strong velocity variation media and calculating
an accurate wavefield at a large angle are still difficult and remain
unresolved. We think that the root cause lies in the decomposition of
the two-way wave equation. Kosloff and Baysal (1983), Sandberg
and Beylkin (2009), and Wu et al. (2012) investigate wavefield
extrapolation based on the full wave equation using the wavefield
and its derivatives at the surface, and Pan (2015) tries to apply the
wavefield and the ratio of the wavefield to its derivative to perform a
two-way wave-equation migration.
The two-way wave equation is unsolvable in the depth domain in

theory because the full wave equation is a second-order partial dif-
ferential equation with regards to space coordinates, with a seismic
acquisition system that gathers only one wavefield at a given depth
(Kosloff and Baysal, 1983; Sandberg and Beylkin, 2009). To over-
come the single initial condition in the space domain extrapolation
provided by the current seismic acquisition system, we tried to
make the two-way wave equation depth migration available with
an over/under bilayer sensor seismic acquisition system, which
was initially proposed to remove ghost waves and extend seismic
bandwidth (Hill et al., 2006; Moldoveanu et al., 2007). This over/
under bilayer sensor seismic acquisition system has a geophone lo-
cated at two different depths, respectively. You et al. (2016) propose
a land seismic acquisition system and performed the full wave equa-
tion with the spectral projector technique to recover the true ampli-
tudes of reflectors. The advantage of the over/under bilayer sensor
seismic acquisition system is that it can provide enough conditions
to solve the full wave equation in the depth domain.
Here, our goal is to build a new two-way wave equation depth-

migration scheme using this over/under bilayer sensor seismic ac-
quisition system. The idea is to create a new bilayer sensor two-way
depth downward continuation method using one-way propagators
because in the same depth extrapolation scheme, it has upgoing and
downgoing operators, combining the high speed of one-way propa-
gators and the advantages of two-way wave-equation migration.
Compared with the full wave equation for depth migration used
in You et al. (2016), these new bilayer sensor migration methods
are implemented with one-way propagators so that it can take

advantage of the achievements of one-way wave propagators. How-
ever, our proposed migration method is rooted in the two-way wave
equation, which means that it has the potential to calculate more
accurate wavefields at wide angles. To demonstrate this capability,
numerical experiments on impulse responses are performed. To
compare the performance in imaging complex structures, a salt
model is used to evaluate the imaging quality using four migration
methods, including the conventional generalized screen propagator
(GSP), RTM, and two new bilayer sensor migration methods. The
special features of the new proposed method can be seen clearly in
those comparisons.

TWO-WAY WAVE EQUATION DEPTH
EXTRAPOLATION

In a 2D medium with constant density, the full acoustic wave
equation is written as

∂2uðx; z; tÞ
∂x2

þ ∂2uðx; z; tÞ
∂z2

¼ 1

v2ðx; zÞ
∂2uðx; z; tÞ

∂t2
; (1)

where x and z are the horizontal and vertical coordinates, respec-
tively, uðx; z; tÞ is the pressure at time t, and vðx; zÞ is the velocity of
the acoustic medium.
Applying a Fourier transform to equation 1 with respect to time,

the result can be expressed as

∂2 ~uðx; z;ωÞ
∂z2

þ
�

ω2

v2ðx; zÞ þ
∂2

∂x2

�
~uðx; z;ωÞ ¼ 0; (2)

where ω is the angular frequency and ~uðx; z;ωÞ is the Fourier trans-
form of uðx; z; tÞ.
We consider equation 2 with two initial conditions given by the

over/under bilayer sensor acquisition system.8><
>:

∂2 ~uðx;z;ωÞ
∂z2 þ k2z ~uðx; z;ωÞ ¼ 0;

~uðx; z ¼ 0;ωÞ ¼ ~dðx; z ¼ 0;ωÞ;
~uðx; z ¼ Δz;ωÞ ¼ ~dðx; z ¼ Δz;ωÞ;

(3)

where k2z ¼ ½ðω2Þ∕v2ðx; zÞ� þ ð∂2∕∂x2Þ is the vertical wavenumber;
Δz is the vertical grid space of the medium; and ~dðx; z ¼ 0;ωÞ and
~dðx; z ¼ Δz;ωÞ are the recorded seismic data at z = 0 and z ¼ Δz,
respectively, in the frequency domain.
Based on the theory of differential equations, a generic solution

of equation 3 can be written as below, assuming that the medium is
isotropic:

~uðx; z;ωÞ ¼ C1eikzz þ C2e−ikzz; (4)

where C1 and C2 can be any constants independent of z. They
should be determined by the two boundary conditions in equation 3.
Because only one initial condition is provided by conventional seis-
mic acquisition systems, in conventional one-way equation depth
extrapolation, we often abandon one term and get either upward
or downward wave-equation migration. Obviously, our proposed
migration equation 4 considers the upgoing wave and downgoing
wave term, giving it the nature of two-way wave-equation
migration.
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The constants in equation 4 can be solved as(
C1 ¼ ~uðx;0;ωÞe−ikzΔz− ~uðx;Δz;ωÞ

−2i sin kzΔz
;

C2 ¼ ~uðx;0;ωÞeikzΔz− ~uðx;Δz;ωÞ
2i sin kzΔz

:
(5)

Now, we can compute wavefield ~uðx; z ¼ 2Δz;ωÞ, based on the
known wavefields ~uðx; z ¼ 0;ωÞ and ~uðx; z ¼ Δz;ωÞ. The depth
extrapolation formula is

~uðx;z¼2Δz;ωÞ¼− ~uðx;z¼0;ωÞþ½e−ikzΔzþeikzΔz� ~uðx;z¼Δz;ωÞ;
¼− ~uðx;z¼0;ωÞþe−ikzΔz ~uðx;z¼Δz;ωÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

I

þeikzΔz ~uðx;z¼Δz;ωÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
II

: (6)

The derivation of equation 6 is based on the assumption that the
medium is isotropic; in this case, term I is equal to zero, and then
equation 6 is just a conventional one-way propagator. To extend the
depth extrapolation scheme into an inhomogeneous medium, a gen-
eralized recursive depth extrapolation scheme can be written as

~uðx; z¼ 2Δz;ωÞ ¼ − ~uðx; z¼ 0;ωÞ þP−ðkzÞ ~uðx; z¼ Δz;ωÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
I

þPþðkzÞ ~uðx; z¼ Δz;ωÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
II

; (7)

where PðkzÞ presents the conventional one-way propagators and the
plus- and minus-sign superscripts represent the backward and for-
ward propagations of the receiver wavefield, respectively. Compar-
ing equations 6 and 7, we can see that the phase-shift propagator
in the isotropic medium is replaced by a one-way propagator. A
similar extension can be found in the one-way wave migration
methods; for example, we generally achieved one-way phase-shift
propagator in the isotropic medium and then introduced the split-
step and the finite-difference correction terms for wide angles and
derived the one-way FFD propagator.
The reflection wavefields, also generally called upgoing

wavefields, are used as an example to illustrate the physical means
of equation 7. Term II is the conventional one-way wave depth
extrapolation for the upgoing wavefields. The equation
P−ðkzÞ ~uðx; z ¼ Δz;ωÞ signifies using the upgoing wavefield
~uðx; z ¼ Δz;ωÞ as a source to compute the wavefield
~u1ðx; z ¼ 0;ωÞ at depth z ¼ 0, which is a forward extrapolation
of the upgoing wavefield. Therefore, the differences between
one-way wave forward extrapolation of the upgoing wavefield
and the recorded wavefield ~uðx; z ¼ 0;ωÞ at z ¼ 0 presents term
I, which is used to adjust the result of the conventional one-way
wave back propagator for improving the large-angle accuracy. To
describe the physical explanation of equation 7 clearly, an illustra-
tion is pictured, as shown in Figure 1. It is well-known that the one-
way wavefield (the forward wavefield or the backward wavefield) at
large angles has an inaccurate phase, which is shown as the dashed
black line in Figure 1, but we consider that the recorded wavefield
has a correct phase, which are plotted as the red line in Figure 1.
The phase differences between the one-way forward wavefield
~u1ðx; z ¼ 0;ωÞ and the recorded wavefield ~uðx; z ¼ 0;ωÞ present

term I in equation 7, which is the shallow zone in Figure 1.Then,
we compensate for this phase difference in the one-way backward
wavefield PþðkzÞ ~uðx; z ¼ Δz;ωÞ, namely, term II in equation 7, so
we can achieve a high phase accuracy for a two-way propagator on
large angles using one-way propagators.
To perform bilayer sensor depth migration, we need two wave-

fields at different depths for the receiver and source downward con-
tinuation. For the source wavefield, we use conventional one-way
propagators to estimate a source wavefield at the second depth grid
and then use the two boundary wavefields to perform bilayer sensor
depth migration for the source wavefield.
We can simply call this extrapolation method a two-way wave

depth extrapolation scheme. However, it is different from RTM.
This two-way extrapolation method will not produce new boundary
reflections and new multiples (RTM does); it is only a two-way
wavefield continuation (no reflection is calculated) because of
the nature of one-way propagators; this method cannot produce re-
flected waves when going through a sharp boundary, and therefore
it may produce fewer migration artifacts compared with the tradi-
tional full wave RTM. In this sense, it is better than the RTM be-
cause it produces fewer artifacts. We will discuss this more in the
salt-model example.
As we introduced, there are extrapolators PðkzÞ in equation 7.

These extrapolators are the key of conventional one-way wave mi-
gration methods. Researchers have tried many ways to extend this
one-way wave operator to inhomogeneous media in higher dimen-
sions, such as split-step Fourier (SSF) (Stoffa et al., 1990; Lee et al.,
1991), FFD (Ristow and Ruhl, 1994; Zhang et al., 2007a), and phase
screen and GSmethods (Wu, 1994; Le Rousseau and de Hoop, 2001;
Chen 2010). Accordingly, by incorporating the achievements in the
conventional one-way wave migration with our proposed migration
scheme, we can obtain three new two-way wave depth migration
methods.
In the SSF migration method, an approximation of the one-way

wave operator can be written as(
PSSF ¼ eik

SSF
z Δz;

kSSFz ¼ ω
v −

ω
vr
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2

v2r
− k2x

q
;

(8)

where kSSFz and PSSF are the approximate vertical wavenumber and
the one-way propagator using the split-step Fourier method, respec-
tively; vr is the reference velocity; and kx is the horizontal wave-
number. If the SSF migration method is used in equation 7, the new
migration method can be called the bilayer sensor SSF migration
method.
The FFD migration method approximates the one-way wave

operator as follows:

Figure 1. The difference between the calculated one-way wavefield
and the recorded wavefield. The dashed black line is the calculated
one-way wavefield, and the red line is the recorded wavefield.
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8<
:

PFFD ¼ eik
FFD
z Δz;

kFFDz ¼ ω
v −

ω
vr
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2

v2r
− k2x

q
þ

v−vr
ω

∂2

∂x2

aþbv2

ω2
∂2

∂x2
;

(9)

where kFFDz and PFFD are the approximate vertical wavenumber and
the one-way propagator using the FFD method, respectively, and
a ¼ 2.0, b ¼ ð1∕2Þð½v2r∕v2� þ ½vr∕v� þ 1Þ. If the FFD migration
method is used in equation 7, similarly, it can be called the bilayer
sensor FFD migration method.
The GSP migration method’s approximation of the one-way

wave operator can be expressed as

8>>><
>>>:
PGSP¼eik

GSP
z Δz;

kGSPz ¼ ω
v−

ω
vr
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2

v2r
−k2x

q
þω

P
n
j¼1aj

�
1
v2−

1
v2r

�
j
×

2
4
0
@ ωffiffiffiffiffiffiffiffiffi

ω2

v2r
−k2x

q
1
A2j−1

−v2j−1r

3
5;

(10)

where kGSPz and PGSP are the approximate vertical wavenumber
and the one-way propagator using the GSP, respectively, and
a1 ¼ ð1∕2Þ, aj ¼ ð−1Þjþ1½½1 · 3 · · · ð2j − 3Þ�∕j!2j�ðj ≥ 2Þ. If the
GSP is adopted in equation 7, we achieve the bilayer sensor
GSP migration method. According to Le Rousseau and de Hoop
(2001), the fourth-order GSP meets the requirements in terms of
computing accuracy and efficiency, so the one-way GSP and bilayer
sensor GSP migration methods use the fourth-order propagator in
this paper.
The bilayer sensor migration algorithm is an open structure. In

addition to the three one-way migration methods described above,
other one-way migration methods can also be smoothly integrated
in and develop a new bilayer sensor depth migration method in the
framework of equation 7, such as phase shift plus interpolation
migration (Gazdag and Sguazzero, 1984). In the conventional
one-way wave propagators, the velocity of a medium is generally
divided into background and perturbation velocities and the back-
ground velocity is global for the medium, such as the minimal
velocity of the medium. For a medium with a strong velocity con-
trast, it seems that using a global background velocity to describe
the large perturbation is difficult, leading to the limitation of propa-
gating angle. Hence, it is possible that using the local perturbation
theory in the bilayer sensor migration method may produce more
accurate results, for instance, the beamlet propagator (Wu et al.,
2000, 2008, Wu and Chen, 2001).
Because of the nature of depth extrapolation, it is necessary to

remove the evanescent waves. Two approaches are taken into con-
sideration. One technique uses the maximal velocity filter proposed
by Kosloff and Baysal (1983), in which they suggest removing all
evanescent waves according to kx > ω∕½maxðvðz; xÞÞ� at a given
depth. Another way is the spectral projector filter used by Sandberg
and Beylkin (2009). In their work, the spectral projector filter has
proven to be able to preserve the imaging energy for steeply dipping
structures. Moreover, You et al. (2016) use the spectral projector
filter in the full wave equation depth extrapolation to guarantee
the propagating wavefield correctly. Given those advantages of
the spectral projector filter, we prefer to use this method for remov-
ing evanescent waves in our bilayer sensor migration.
After performing depth extrapolation for the receiver and source

wavefields, the conventional cross-correlation imaging condition is
used to compute the imaging sections. For two-way wave migration

methods, including the RTM and bilayer sensor migration methods,
the conventional cross-correlation imaging condition often produ-
ces a low-frequency artifact. The derivative filter in the depth direc-
tion is used to process this artifact.

NUMERICAL EXPERIMENTS

In this section, first, we compare the impulse responses using
different migration methods, and then we demonstrate the advan-
tages of our proposed method over conventional methods in imag-
ing complex models using synthetic examples. We generate the
seismic data for our experiments by using the finite-difference mod-
eling technique with absorbing boundary conditions at the sides
(Bérenger, 1994; Hastings et al., 1996). In the numerical experi-
ments, the bilayer sensor SSF propagator is not taken into account
because of its poor performance for strong velocity variation media.

Impulse response

In this experiment, we carried out two impulse response tests:
One is calculated in a homogeneous medium, and another is per-
formed in a two-layer medium. It is well-known that one weakness
of one-way propagators is the limitation of the propagating angle,
which restricts its applicability in imaging complex media. In our
bilayer sensor migration methods, as we mentioned above, one-way
FFD and GSP propagators are introduced to develop the bilayer
sensor FFD and bilayer sensor GSP algorithms, respectively. There-
fore, it is necessary to study differences in the maximal propagating
angle using the conventional FFD, GSP, and the bilayer sensor FFD
and bilayer sensor GSP propagators.
For the homogeneous medium test, the model is 1500 × 1500 m

with a constant velocity of 2000 m∕s, we use a point source Ricker
wavelet with a domain frequency of 30 Hz and the point source is
located at x ¼ 750 m and z ¼ 0 m. In calculating the impulse re-
sponse, to simulate media with strong lateral velocity changes, the
reference velocity is 1000 m∕s, which is half of the true velocity.
The impulse responses of four different propagators are shown in
Figure 2. In the impulse responses of conventional FFD and GSP
propagators, it is obvious that the phase information of conventional
one-way propagators becomes inaccurate as they reach a certain
propagating angle (less than 90°) and the wavefronts become dis-
torted. As shown in Figure 2, the impulse responses using bilayer
sensor FFD and GSP propagators overcome the limitation of propa-
gating angle of the conventional one-way propagators and fit well
with the theoretical response curves (the dotted red line).
In Figure 2b and 2d, there is an inflection point (indicated by the

red arrow), which represents the points where the impulse response
of the conventional one-way propagator starts to deviate from the
theoretical response curve and these points also mask the maximal
imaging angle that conventional one-way propagator can reach.
Beyond this critical point, bilayer sensor propagators show their ad-
vantages in propagating waves at large angles. In equation 7, term II
is a conventional one-way propagator for downward propagation,
which calculates inexact phase information beyond the inflection
points. However, with the correction provided by the bilayer sensor
propagators (term I), it is possible to compensate for the errors pro-
duced by the conventional one-way propagators.
The secondary experiment on impulse responses in a two-layer

model is given in Figure 3. The model is 2500 × 1500 m and the
velocity jump is located at z ¼ 500 m; the velocities above and
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below this interface are 2000 and 3000 m∕s, respectively. The point
source Ricker wavelet with a domain frequency of 30 Hz, is located
at x ¼ 1250 and z ¼ 0 m. In this experiment, the conventional GSP

and FFD and bilayer sensor GSP and FFD algorithms are included
to display their differences in wavefield propagations, and the full
wave FD technique is used for comparison. In Figure 3, the right

Figure 2. The impulse responses in a homogeneous medium with different propagators. (a) The conventional GSP propagator, (b) the bilayer
sensor GSP propagator, (c) the conventional FFD propagator, and (d) the bilayer sensor FFD propagator. The dotted red line presents the
theoretical response curve.

Figure 3. Impulse responses of different propagators in the two-layer model. (a) Comparison of impulse responses calculated by the conven-
tional GSP and FD methods, (b) comparison of impulse responses calculated by the bilayer sensor GSP and FD methods, (c) comparison of
impulse responses calculated by the conventional FFD and FD methods, and (d) comparison of impulse responses calculated by the bilayer
sensor FFD and FD methods. In all figures, the right parts of the impulse responses are calculated by the FD method for comparison.
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sides of wavefronts are the impulse responses calculated by the FD
method and the left parts are those calculated by different propaga-
tors. In the calculation of one-way wave and bilayer sensor propa-
gators, we set the reference velocity to 50% of the true velocity at
all depth extrapolation to demonstrate differences in propagation
accuracy.
Comparing impulse responses by one-way wave propagators with

bilayer sensor methods and FD technique, Figure 3 shows that the
bilayer sensor propagators have the potential to provide more accu-
rate wavefields than their corresponding one-way propagators, even
for the large velocity contrast medium and wide-propagating angles.
Because the one-way FFD propagator has better imaging perfor-
mance for a large propagating angle than the one-way GSP method,
we can see that the bilayer sensor FFD propagator simulates more
correct phases than those of the bilayer sensor GSP method.

Salt model

This classic salt model is used to test the imaging quality on steep
salt flanks and structures under the salt dome. The physical dimen-
sion of the input model 1340 × 4400 m, and the model is divided
into 20.0 × 20.0 m grid spaces. We used a Ricker pulse with a do-
main frequency of 8 Hz, and we recorded a 5.0 s per trace for each
shot with the 0.001 s sample interval. In our over/under bilayer
sensor acquisition system, the sources are located at xsj ¼
j × 3Δx, j ¼ 0; 1 · · · ; 223. For each shot, the top receivers are
located at xrðj; iÞ ¼ xsj þ iΔx and the bottom receivers are located
at xr1ðj; iÞ ¼ xsj þ iΔxþ Δz, i ¼ 0; 1 · · · ; 239, with Δx ¼ 20.0 m

and Δz ¼ 20.0 m. The velocity models used in this experiment
are shown in Figure 4. Figure 4a is the model used for forward sim-
ulation. The velocity model in Figure 4b is used for migration. Four
migration methods are used to image the salt data set, including the
conventional GSP and RTM methods and the bilayer sensor GSP
and FFD migration methods.
Imaging structures under the salt dome is a long-standing prob-

lem in geophysical exploration; therefore, we will focus on imaging
these subsalt faults and anticlines. The migration sections computed
by these four migration methods are shown in Figure 5. To ensure a
fair comparison, we used the same plotting parameter, i.e., using the
same color bar. Comparing the imaging structures under the salt
dome using the conventional GSP and the bilayer sensor GSP
and FFD migration methods, it is clear that the conventional
GSP migration algorithm has shortcomings for imaging steeply dip-
ping structures, whereas bilayer sensor migration methods fully

show the advantages of two-way propagator in dealing with the
large propagating angle. The black circles in Figure 5a, 5c, and
5d, the red circle in Figure 5a and its corresponding positions in
Figure 5c and 5d, and the reflectors masked by the blue arrows
in Figure 5d and its corresponding reflectors in Figure 5a are high-
lighted examples. Another difference is that the imaging interface in
Figure 5a (indicated by the black arrow) is not horizontally flat. This
can be explained in that the incorrect wavefield propagation occurs
as waves pass through the salt body using the conventional GSP
method. In contrast, our proposed bilayer sensor GSP method pro-
duces a more accurate image than that of the conventional GSP
method. Because of the limited capability for dealing with large
propagating angles, spurious reflection events are imaged using
the conventional GSP method under the salt dome, as shown in
Figure 5a.
In RTM using the FD algorithm, it is normal to produce new re-

flections when crossing the salt boundary and hence produce false
images under the salt dome because the false reflection events are
the images of multiples from the salt dome (indicated by the red
arrows in Figure 5b), whereas there are only very weak events
in our proposed bilayer sensor migration methods. Additionally,
there are fewer low-frequency artifacts generated in our proposed
bilayer sensor migration methods than those of RTM. RTM is based
on the wavefield propagations in the time domain, whereas our pro-
posed bilayer sensor migration method is a two-way depth extrapo-
lation in frequency domain. The time extrapolation methods, such
as RTM, needs to handle all kinds of waves, including the upgoing
and downgoing waves. Therefore, it is easy to include an imaging
artifact, especially when there are interfaces with strong velocity
contrasts, but two-way depth extrapolation algorithms only produce
the down-forward wavefields; hence, fewer low-frequency artifacts
and multiple images are generated. Note that our proposed bilayer
sensor migration methods image clearer reflectors than those of
RTM by comparing the structures indicated by the blue arrows
in Figure 5d and the corresponding reflectors in Figure 5c. More-
over, for the forward modeling in RTM, the domain frequency
of the Ricker wavelet we used is 8 Hz, so the imaging structure
in RTM presents a low-frequency phenomenon. However, the fre-
quency band used in the depth migration is approximately 1–20 Hz.
Therefore, the imaging result from RTM (Figure 5b) appears at
much lower frequency than the results of the depth migration meth-
ods. The high resolution in imaging is another advantage of our
proposed method.

Figure 4. The velocity of the salt model: (a) the original velocity model for forward modeling and (b) the velocity model removing thin faults
under the salt dome for migration.
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Comparing imaging sections using the bilayer sensor GSP and
bilayer sensor FFD methods, it seems that the bilayer sensor
FFD method produces a slightly better result than the bilayer sensor
GSP, especially for the reflectors marked by blue arrows in Fig-
ure 5d. This can be explained by the impulse responses in Fig-
ure 2b–2d, in which the bilayer sensor FFD achieves more
accurate wavefronts than the bilayer sensor GSP in the large-angle
area. Hence, it is certainly worth introducing more precise one-way
propagators into the bilayer sensor migration method.
From our study on imaging the salt model, our bilayer sensor

migration methods are able of imaging steeply dipping reflectors
and correctly calculating wavefield propagation to all downward
directions including the nearly 90° angle waves. From this perspec-
tive, our bilayer sensor migration method has combined the large-
angle capacity of a two-way wave equation and the nonreflection
advantage of a one-way extrapolation, and therefore it can deliver
great image quality with higher resolution and fewer artifacts.

DISCUSSION

In this section, a further discussion is presented about how to use
our bilayer sensor depth migration algorithm for a real data case.
For real marine seismic explorations, because there is a constant
velocity in the body of the sea, the feasible way to satisfy the re-
quirement of our algorithm is by using a downward continuation
method to estimate the wavefield at the second depth, such as
the one-way wave phase-shift propagator. For real land seismic ex-
plorations, because the velocity of the near surface is inhomo-
geneous, the downward continuation method is not available in

cases in which the prior information of the near surface velocity
is unknown, so the over/under bilayer sensor seismic acquisition
system is necessary to record the up/down data, but if the velocity
information for the near surface has been investigated in the explo-
ration area, a reasonable downward continuation method should be
used to calculate the wavefield at a designated depth. The extreme
example is that of irregular topography; numerical algorithms are
not very well-equipped to address the wavefield depth extrapolation
accurately, so it is possible that the over/under bilayer sensor seis-
mic acquisition system is the most stable and highest accuracy way
to obtain bilayer sensor data.

CONCLUSION

After analyzing why we have to split the full wave equation into
upgoing and downgoing wave equations (i.e., inadequate initial
conditions), an over/under bilayer sensor seismic acquisition system
is introduced. Based on the two conditions provided by this new
system, we derive a new two-way wave migration scheme using
one-way wave propagators. Incorporating the knowledge from
one-way migration methods, especially one-way SSF, one-way
FFD, and one-way GSP, we proposed three bilayer sensor migration
methods, namely, bilayer sensor SSF, bilayer sensor FFD, and bi-
layer sensor GSP. Comparing the imaging results of our proposed
method with conventional one-way wave equation and RTM meth-
ods, our bilayer sensor migration methods have greater accuracy in
migrating the complex media than that of the conventional one-way
wave equation methods, and fewer false images related to imaging
of multiples and fewer low-frequency artifacts than those of RTM.

Figure 5. The imaging sections using different migration methods: (a) migration section of the one-way GSP migration, (b) migration section
of RTM, (c) migration section of the bilayer sensor GSP (bilayer sensor GSP) migration, and (d) migration section of the bilayer sensor FFD
migration.
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Our proposed bilayer sensor migration method combines the excel-
lent research of one-way wave propagators with the advantage of
two-way wave equation migration. Furthermore, introducing more
information from one-way wave migration into our bilayer sensor
migration may further improve the imaging performance. Because
our two-way depth migration method is based on a two-way wave
equation that involves the interaction of upgoing and downgoing
wavefields, if we could introduce more precise one-way propaga-
tors into our migration scheme, it is possible that our migration
method could address wavefield propagation more accurately
and perhaps even achieve a preserved amplitude propagator. The
next step will be the study of turning waves and the imaging of
overhanging salt flanks.
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