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The generalized screen propagator (GSP) is a fast and accurate method for computing
wave propagation in laterally varying velocity media. The method solves the acoustic one-
way wave equation by shuffling FFTs between frequency-space and frequency-wavenumber
domain. The velocity model is decomposed into a vertically varying reference velocity and
a laterally varying perturbation. Downward continuation of the wavefield is performed with
a phase shift in a background medium followed by a correction that accommodates the
lateral velocity variations. All frequencies of interest are migrated and summed to produce
an image at each depth level. The screen propagators are applicable to both poststack and
prestack depth migrations. We illustrate the method with the SEG-EAGE salt model and
Marmousi data set. The image results show that the pseudo-screen propagator is a big
improvement over the phase-screen propagator for steeply dipping events in strong-contrast
heterogeneous media.
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1. Introduction

Depth migration is an important and effective tool in identifying the potential
targets for oil and gas exploration. Strong-contrast heterogeneous media and complex
structures present a great challenge to the migration methods. Many standard methods,
although working well in weak-contrast media, often fail in this case. The Kirchhoff
approach is the most commonly used method for prestack depth migration due to
its high efficiency. The migration accuracy of this approach, however, relies on the
high-frequency asymptotic ray approximation [1,8,20]. Typical problems an interpreter
encounters in complex structure play (e.g., sub-salt, fault shadowing, and overthrust)
are: (1) cannot see structures, (2) do not trust amplitudes, (3) cannot distinguish
between artifacts and geological events. A more accurate ray-tracing algorithm that
takes into account multi-pathing and computes the correct amplitudes of each arrival
is computationally expensive and difficult to implement.

Attempts have been made to use wave equation based imaging technologies.
A full (two-way) wave equation is capable of obtaining wave solutions for arbi-
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trary complex media [2,24]. All reflections, including multiples, are modeled, and
arbitrary steep reflectors can be imaged. Unfortunately, such approaches are very
time consuming. Moreover, the method lacks control over multiple scattering, re-
sulting in strong background noise. One-way methods based on the paraxial wave
equation [3,5,17] are more efficient but often attenuate wide-angle waves which are
important for imaging steep structures. Higher-order approximations are more ac-
curate, but cost more. These methods are usually very expensive, prohibiting their
use in most production applications. In certain situations, however, such kinds of
one-way operators for recursive wavefield extrapolation may lead to unstable re-
sults [25].

Methods implemented in the frequency-wavenumber domain or in the frequency-
wavenumber-space domain can handle steep dips up to 90 degrees in principle and
are very efficient thanks to the FFT (Fast Fourier Transform). Strong lateral ve-
locity variations limit their uses. Phase-shift migration [9] is accurate only if the
velocity is constant in each depth interval. The split-step Fourier migration [23] han-
dles lateral variations, but is only accurate for nearly vertical propagation angles.
In order to handle the strong lateral velocity variations, several extensions of the
phase-shift and split-step Fourier methods have been developed. These methods in-
clude interpolation based techniques, such as the phase shift plus interpolation (PSPI)
method [10] and multiple reference velocity split-step Fourier method [16]. Inter-
polation techniques, however, can be costly since they require Fourier transforms at
every depth level for each reference velocity. If the number of reference velocities
used is too small, inaccuracies associated with the interpolation process arise. Also,
the PSPI method can be unstable when explicitly extrapolating through a laterally
varying medium [7]. Ristow et al. [22] proposed a Fourier finite-difference migra-
tion method of cascading phase-shift and finite-difference operators for downward
continuation to be applied to arbitrary velocity functions and steeply dipping reflec-
tors.

To establish a good balance between the efficiency and accuracy of the wave
equation based methods, the generalized screen propagators proposed recently [6,11–
15,26–31] have kept the essential features of the split-step Fourier migration method
with greatly improved accuracy for steeply dipping events even in strong contrast
velocity media. This method solves the acoustic wave equation in a dual domain,
shuffling FFTs between frequency-space and frequency-wavenumber domain. Propa-
gation in a background medium is accomplished by a phase shift in the wavenumber
domain, and interaction with heterogeneities is achieved in the space domain.

In this paper, we will detail the theoretical framework for pseudo-screen prop-
agators. The propagator was first derived for the scalar wave case [26] and called
“generalized phase-screen propagator”. Later it was extended to the acoustic wave
case with the name “acoustic pseudo-screen propagator” or “wide-angle pseudo-screen
propagator” [11,27,28]. Since the derivation is based on the local Born approximation,
it is also called the “local Born Fourier propagator” [12]. Here we try to improve the
wide-angle accuracy within the pseudo-screen frame without much increase of com-
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putational cost. Tests of impulse responses with large velocity perturbations as well
as on prestack depth migration for the synthetic data sets show that the pseudo-screen
migration method has much improved the wide-angle capability and image quality
over the phase-screen method.

2. Formulations of pseudo-screen propagator

The acoustic wave equation in the frequency domain can be expressed as[
∇2 +

ω2

v2(xT , z)

]
p(xT , z,ω) = 0, (1)

where ω is the angular frequency, v(xT , z) the medium velocity, p(xT , z,ω) the pressure
wavefield, xT = (x, y) the lateral position vector, and z the depth.

Based on the perturbation theory, the medium parameter of velocity can be decom-
posed into the background velocity v0(z) and the corresponding perturbation δv(xT , z):

v(xT , z) = v0(z) + δv(xT , z). (2)

Then we have (
∇2 + k2)p(xT , z,ω) = −k2S(xT , z)p(xT , z,ω), (3)

where k = ω/v0(z) is the background wavenumber and

S(xT , z) =
v2

0(z)
v2(xT , z)

− 1 (4)

is the perturbation function.
The total wavefield p(xT , z,ω) is similarily decomposed into the primary field p0

and the scattered field ps caused by the velocity heterogeneities:

p(xT , z,ω) = p0(xT , z,ω) + ps(xT , z,ω). (5)

By virtue of the representation theorem, we have

p(xT , z,ω) = p0(xT , z,ω) + k2
∫
V
g0
(
xT , z; x′T , z′

)
S
(
x′T , z′

)
p
(
x′T , z′,ω

)
d2xT dz, (6)

where g0(xT , z; x′T , z′) is the Green’s function in the background medium.

2.1. Pseudo-screen propagator

Under the forward-scattering approximation, the total wavefield and Green’s func-
tion under the integration in equation (6) can be replaced by their forward-scattering
counterparts, and the total wavefield can be calculated by a one-way marching algo-
rithm along the depth direction [28]. Taking the Fourier transform of equation (6) with
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respect to xT , the forward scattered field P̃s(KT , zi+1,ω) in the wavenumber domain
can be expressed as

P̃s(KT , zi+1,ω) = k2
∫ zi+1

zi

dz
∫∫

d2xT G̃0(KT , zi+1; xT , zi)S(xT , zi)p(xT , zi,ω), (7)

where

G̃0(KT , zi+1; xT , zi) =
i

2γ
eiγ∆z e−iKT ·xT (8)

with

γ =
√
k2 −K2

T . (9)

Substituting equation (8) into (7) yields

P̃s(KT , zi+1,ω) =
i

2γ
k2∆z eiγ∆zFxT

[
S(xT , zi)p(xT , zi,ω)

]
, (10)

where FxT [·] denotes the 2-D Fourier transform over xT and KT = (Kx,Ky) is the
transverse wavenumber.

The primary wavefield P̃0(KT , zi+1,ω) is calculated from the wavefield at zi by
a free propagation in the background medium,

P̃0(KT , zi+1,ω) = eiγ∆zFxT

[
p(xT , zi,ω)

]
. (11)

The total wavefield P̃ (KT , zi+1,ω) is the sum

P̃ (KT , zi+1,ω) = P̃0(KT , zi+1,ω) + P̃s(KT , zi+1,ω). (12)

Therefore, the downward propagating wavefield at depth zi+1 can be calculated from
the wavefield at depth zi. This procedure can be written as

p(xT , zi+1,ω) =W
{
p(xT , zi,ω)

}
, (13)

where p(xT , zi,ω) = F−1
KT [P̃ (KT , zi,ω)], F−1

KT denotes the 2-D inverse Fourier trans-
form over KT , and W is the pseudo-screen propagator. De Hoop et al. [6] developed
a generalized screen expansion (GSE) and take the higher order terms of GSE to
improve the wide-angle performance. Xie and Wu [31] applied the Padé expansion
to the square-root operator in dual domains to improve the wide-angle accuracy for
strong contrast media. In this work, we try to improve the wide-angle accuracy within
the pseudo-screen frame without much increase of computational cost. However, the
addition of the term P̃s in equation (12) increases the amplitude, leading to instabilities
in recursive calculation. In the following sections, we will propose a phase-screen and
a hybrid pseudo-screen propagator to both increase the wide-angle accuracy and solve
the stability problem.
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2.2. Phase-screen propagator

Under the small-angle approximation, i.e., k/γ ≈ 1, the pseudo-screen propagator
can be simplified to further speed up the computation speed. Invoking the Rytov
approximation results in the mixed wavenumber-space domain expression,

P̃ (KT , zi+1,ω) = eiγ∆zFxT

[
e(i/2)kS(xT ,zi)∆zp(xT , zi,ω)

]
. (14)

This procedure for downward propagation of wave fields from a source can be written
as

p(xT , zi+1,ω) = P
{
p(xT , zi,ω)

}
, (15)

where P is termed the phase-screen propagator.
Since the derivation of screen propagators is based on local Born approximation,

it is basically a low-frequency approximation. To obtain more accurate phase infor-
mation for high frequency, which is important for migration, some high-frequency
asymptotic phase-matching techniques can be applied to (10) and (12). Zero-order
matching leads to the replacement of the perturbation function with the relative slow-
ness perturbation [12,27], i.e. (5) becomes

S(xT , zi) ≈ 2

[
v0(zi)
v(xT , zi)

− 1

]
. (16)

This zero-order matching is exact for zero-angle propagation and the accuracy de-
creases for large-angle waves. In this case, the phase-screen propagator is the same as
that of the split-step Fourier migration method [23].

2.3. Hybrid pseudo-screen propagator

In order to improve the wide-angle accuracy and stability, we modify the pseudo-
screen propagator by changing the wavenumber filter function f (KT /k). The original
filter (k/γ) is replaced by a correct phase correction. Let R = KT /k, then we have

k

γ
=

[
1− K2

T

k2

]−1/2

≈ 1 +
aR2

1− bR2 , (17)

where the coefficients a and b are dependent on the approximation accuracy. For
a = b = 0, we get the zeroth-order expansion operator; for a = 0.5, b = 0 this yields
the first-order operator; and for a = b = 0.5 the second-order operator. After inserting
this expansion, the total wavefield of the pseudo-screen propagator is modified as

P̃ (KT , zi+1,ω) = eiγ∆z
{
FxT

[
e(i/2)kS(xT ,zi)∆zp(xT , zi,ω)

]
+

ik
2

∆z
aR2

1− bR2 FxT

[
S(xT , zi)p(xT , zi,ω)

]}
. (18)
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It is evident that the pseudo-screen reduces to the phase-screen propagator when the
second-order term is ignored. The second term in equation (18), called wide-angle
compensation term, enhances the accuracy for wider scattering angles and large ve-
locity perturbations by an extra phase correction.

The first term in equation (18), called phase-screen term, is implemented using
a dual-domain technique. Note that the norm of the propagator in equation (18) is
greater than unity, resulting in an unstable calculation. By inversely transforming the
KT related factor of the compensation term into the space domain, the second term
becomes

∂p

∂z
= − ik

2

a(∂2
x + ∂2

y)

k2 + b(∂2
x + ∂2

y)

[
S(xT , zi)p(xT , zi,ω)

]
, (19)

where ∂2
x, ∂2

y represent the second-order partial differentiation with respect to x and y,
respectively. This expression will be calculated by an implicit finite-difference scheme
to ensure the stability of the procedure.

3. Accuracy analysis

Figure 1 shows the relationship between the maximum propagating angle and
the ratio of velocity perturbation. The maximum propagating angle is defined as the
scattering angle at which the relative phase error is 1% per wavelength. As shown in
this figure, the phase-screen method has significant dip limitation for larger v/v0 values,
e.g., 10◦ for v/v0 = 2 (see dotted line in figure 1). The pseudo-screen propagator
correctly handles much larger dips. For a = 0.5 and b = 0, the dip limitation is about
30◦ (thin solid line). Note that for a = b = 0.5 the pseudo-screen propagator performs

Figure 1. Maximum propagating angle versus ratio of the velocity perturbation. The pseudo-screen
propagator is shown as a thick solid line (a = b = 0.5) and a thin solid line (a = 0.5, b = 0), and the

phase-screen as a dotted line. The relative phase error is 0.01.
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Figure 2. Impulse responses associated with three different migration operators. (a) is calculated by
screen propagator without slowness perturbation, (b) by phase-screen propagator, (c) by pseudo-screen
propagator, and (d) by finite-difference operator with 65 degree approximation. In both (b) and (c), the
medium velocity is twice the background velocity. The dotted line indicates the theoretical semi-circle

response.

better as v/v0 increases (thick solid line), which is used in the practical process. This
is attributed to the peculiar behavior of Padé fraction expansion.

Impulse responses are tested to investigate the dip effect. An impulse is placed
at x = 0 and at time t = 500 ms in the input data within a constant velocity medium
v = 2000 m/s. Figure 2 shows the impulse responses associated with three migration
operators. In each panel, the dotted line gives the theoretical solution, which is a semi-
circle. In case of zero perturbation, as we expected, both the phase-screen and pseudo-
screen propagator are exact and agree with the theoretical curve very well (figure 2(a)).
In order to test the accuracy of the screen operator for varying velocity, v0 = 1000 m/s
is used as a background velocity, resulting in a velocity ratio v/v0 = 2. In this case, the
phase-screen propagator is only exact for small propagation angles, deviating strongly
from the theoretical curve for propagation angles higher than 10◦ (figure 2(b)). The
pseudo-screen greatly improves the performance of steep dips. Its response closely
follows the theoretical curve (figure 2(c)). For completeness of comparisons, we also
include the impulse response of the 65 degree finite-difference migration operator
(figure 2(d)). The numerical dispersion and other artifacts are clearly seen.

The screen operator can also be applicable to the 3-D case. Figure 3 illustrates
depth slices of 3-D migration impulse responses. This depth corresponds to a reflector
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Figure 3. Comparison of 3-D impulse responses between hybrid pseudo-screen, phase-screen and F-X
migration methods. Shown here are depth slices at z = 600 m. The corresponding dip angle is about 60

degrees.

dip of about 60 degrees. Figure 3(a) is the exact impulse response. For a velocity
ratio v/v0 = 2, figure 3(b) shows the response of a hybrid pseudo-screen propagator,
very close to the exact response. Figure 3(c) is the phase-screen response, where a
significant dip limitation is evident by comparing the size of the sphere with the exact
solution. Figure 3(d) is obtained by the F-X method with two-way splitting [21]. In
this case, the azimuth-dependent error is very clear.

4. Prestack shot gather screen migration

The screen migration operator can be readily extended to the case of shot gather
prestack migration by independently downward continuating the source and receiver
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wavefields. Let ps(xT , z,ω) be the downgoing wavefield propagating from the source
and pg(xT , z,ω) the upgoing wavefield backpropagating from the common shot gather.
At each depth level, the migrated image is constructed by correlating the extrapolated
source and receiver wavefields and then summing over all frequencies of interest.

Here we use the imaging condition given by Mittet et al. [18],

MS(xT , z) = −
∫ ωN

ω0

iωps(xT , z,ω)p∗g(xT , z,ω) dω, (20)

where ∗ denotes the complex conjugation and (ω0,ωN ) is the frequency band of interest.
The final migrated image is

M (xT , z) =

Nshot∑
S=1

MS(xT , z), (21)

where Nshot is the total number of shots.

5. Migration applications

We now illustrate the screen migration method with the Marmousi data set and
SEG-EAGE salt model.

The first example is the IFP Marmousi model [4], a benchmark of testing the
accuracy for prestack migration methods. This model (shown in figure 4) has highly
complex structures with significant lateral velocity variations. The synthetic data set
consists of 240 common shot gathers with 96 receivers for each shot. The shotpoint
spacing and receiver group interval are both 25 m. The acquisition mimics an off-end
marine geometry, with a minimum offset of 200 m. The time sampling interval is 4 ms
with 726 samples, and the depth interval is 4 m with 751 grids. The target of reservoir

Figure 4. The IFP Marmousi velocity model. The velocities range from 1.5 to 5.5 km/s, darker shades
indicate higher velocities.
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Figure 5. Prestack depth migration of the Marmousi data set by phase-screen with mimimum reference
velocity (a), phase-screen with average reference velocity (b) and hybrid pseudo-screen method with the

minimum reference velocity (c).
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is the low-velocity wedge at 2.5 km depth and midpoint of about 6–8 km. The Mar-
mousi data were prestack migrated using both the phase-screen and the pseudo-screen
methods. As we mentioned above, the choice of reference velocity will bear signif-
icant impact on the imaging accuracy. Figure 5(a) shows the phase-screen prestack
migration result with the reference velocity being the minimum at each depth level
within each shot record. The upper part of the section is well imaged, but the faults in
the middle and the reflectors below the faults are totally distorted and unfocused. Fig-
ure 5(b) shows the same phase-screen migration result, but with the average reference
velocity. The general structures are imaged well enough to identify the major features.
What is lacking is the correct positioning of steep dip faults. Also the images are
fuzzy at the reservoir level. Because of the choice of average velocity, wave modes
with large wavenumbers that are associated with the steeply dipping reflectors will be
suppressed [14,15], as shown in the upper portion of the image. Figure 5(c) is the
image by the hybrid pseudo-screen method. In this example, the reference velocity is
chosen to be the minimum velocity with the same complexity of slowness perturba-
tion, which is an extreme test of our method. The image is no doubt better than those
in both figures 5(a) and (b). The anticlinal features of the reservoir beneath the salt
wedges are continuous with the stable amplitude, and almost all of the steeply dipping
events associated with thrust sheet and listric faults are correctly positioned.

The second example is a test of the elastic SEG-EAGE salt model [19], which
is also a benchmark to test all prestack depth migration algorithms. Figure 6 shows
the P-wave velocity field of the salt model. Features in the model include (1) shal-
low water, (2) rugose salt body with deep root and shallow intrusion, (3) subsalt
geopressure. A series of elastic full waveform shot records are computed by P-SV
finite-difference simulations. The synthetic data set consists of 330 shot gathers. For
each shot, there are 623 receivers at 30 ft spacing. The time sampling interval is

Figure 6. P-wave velocity field of the SEG-EAGE salt model. The horizontal CMP axis ranges from
6000 to 48000 ft, while the vertical depth axis ranges from 0 to 12000 ft.
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(a)

(b)

(c)

Figure 7. Prestack depth migration of the SEG-EAGE salt model by Kirchhoff (a), hybrid pseudo-
screen (b) and PSPI migration (c).
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6 ms with 1500 samples per trace. The frequency band of interest is from 5 to
50 Hz. The target of this imaging exercise is the faulted anticline beneath the ru-
gose salt body. The synthetic data set is migrated using both Kirchhoff depth mi-
gration and pseudo-screen migration in prestack mode. Figure 7 shows the results.
The top panel is the prestack depth migration result using Kirchhoff migration with
composite travel time table. The middle panel is the prestack pseudo-screen migra-
tion result. We can see that the image quality of pseudo-screen migration is far
better than in the Kirchhoff case. In the Kirchhoff migration, subsalt events are
broken, migration noises are rampant, and amplitudes are erratic, even the base of
salt event is not well imaged either, because there are multi-pathing arrivals in the
subsalt regions. Wavefronts are split into many branches as they penetrate through
the salt body. Kirchhoff migration, however, fails to capture all the branches of
energy. The screen migration, on the contrary, does not seem to have these prob-
lems. The amplitude is stable and truthful. Reflections from fault planes are clearly
visible. Coherent noises still exist, but the operator aliasing noises are largely ab-
sent. The whole salt body is well imaged, even for the steps which exist in the
original model. The bottom panel of figure 5 is obtained by PSPI migration. The
image result is almost equivalent to the screen method, except that the screen migra-
tion yields a better image of steep dips associated with the salt dome. Those dips
could be lying in the evanescent region of the higher reference velocities in the PSPI
method.

In terms of CPU time, screen migration takes about 8.0 h, PSPI takes about
65 h, and Kirchhoff migration takes 2.65 h (0.65 h for migration itself and 2.0 h for
generating the composite time table).

6. Conclusions

Pseudo-screen migration has been presented and applied to the case of common-
shot gather prestack data. The method, implemented in a mixed frequency-space-wave-
number domain, keeps all the essential features of phase shift and split-step Fourier
migration. The method is unconditionally stable. All frequencies and wavenumber
components of interest can be migrated correctly. This method also significantly im-
proves the accuracy for imaging steeply dipping events even in strong contrast media.

The migration results we obtained so far support the following conclusions:

(1) Compared with the Kirchhoff method, screen migration yields much better subsalt
structures and higher fidelity amplitudes under complex salt domes. No migration
artifacts caused by operator aliasing are evident in screen migration.

(2) Compared with 2-D prestack PSPI depth migration, the screen method is much
faster for a similar choice of parameters. It also yields a better image of steep dips
associated with salt domes.
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