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Abstract—Reverse-time migration (RTM) has shown its
advantages over other conventional migration algorithms for
ground-penetrating radar (GPR) imaging. RTM is preferred to
be implemented in the computationally attractive 2-D domain,
whereas a real measurement can only be conducted in a 3-D do-
main. Thus, we propose an asymptotic 3-D-to-2-D data conversion
filter in the frequency domain for preprocessing of the recorded
data for 2-D RTM. The accuracy of the data conversion filter is
verified by two numerical tests on a homogeneous and a layered
model. Then, we evaluate the effectiveness of the data conversion
filter on the imaging result of 2-D RTM, which is applied to
simulated multioffset GPR data from a buried pipe model. With
the filter, subsurface image by the 2-D RTM matches better with
the 3-D RTM result especially in the aspect of phase congruency.
Therefore, we conclude that this data conversion filter is necessary
for 2-D RTM. We also conducted a laboratory experiment on
a volcanic ash pit using a multiinput–multioutput GPR system,
which is adopted on the Chang-E 5 lunar exploration lander and
works in a stationary mode. The 3-D-to-2-D data conversion filter
is applied to the measured multioffset GPR data before the 2-D
RTM. The imaging results demonstrate that three marble slabs
buried at different depths up to 2 m are clearly imaged.

Index Terms—Ground-penetrating radar (GPR), lunar explo-
ration, reverse-time migration (RTM), 3-D-to-2-D data conversion.

I. INTRODUCTION

GROUND-PENETRATING radar (GPR) has become a
well-recognized geophysical technique for mapping geo-

logical structures and detecting buried objects [1]. The applica-
tions of GPR are rapidly expanding in various fields, including
landmine detection [2], environmental studies [3], civil engi-
neering [4], and lunar exploration [5]. For these GPR appli-
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cations, accurately imaging the subsurface structure and target
is of significant meaning for a correct data interpretation. Due
to the similarities between electromagnetic and seismic waves,
many migration algorithms developed for seismic imaging [6],
e.g., diffraction stacking, Kirchhoff migration, and F-K migra-
tion have been successfully implemented to process GPR data.
These conventional migration algorithms can greatly enhance
the lateral resolution in the reconstructed GPR images through
collapsing diffractions and moving dipping reflectors to their
true positions. However, these migration methods are based on
high-frequency ray approximation or one-way wave propaga-
tion, and, thus, can hardly handle a complex velocity model and
a steeply dipping reflector.

Reverse-time migration (RTM) has been proved to be of high
accuracy in reconstructing an image of complex subsurface
structures [7], [8], since it implements the wave propagation
inside the media with both forward and backward modeling [9],
[10]. The applications of RTM have been extended from seis-
mic imaging to optical imaging [11], as well as GPR imaging
[12], [13]. RTM is attractive for true amplitude GPR imag-
ing as it can account for velocity heterogeneity, the radiation
pattern [8], topographic variation [14], [15], surface roughness
[16], and the effect of losses [17]. Besides, RTM can also eas-
ily adopt the prior information of the background media to
suppress the clutter [18]. To migrate GPR data, full waveform
inversion [18] and travel-time tomography [13] can provide an
estimate of the subsurface velocity structure as an initial model
for RTM.

Since RTM has to compute the forward and backward wave-
fields through numerical simulations, it is preferred to imple-
ment RTM in the computationally attractive two-dimensional
(2-D) domain [12], [15], [19], [20]. The 2-D simulation of
wave equation implies an infinite line source extended in the
out-of-plane (strike) medium-invariant direction. However, the
real measurement of GPR data can only be conducted in a
three-dimensional (3-D) domain using an antenna, which can
be simplified as a point source in its far field. In a homogenous
medium, an electromagnetic point source generates a spheri-
cal wavefront, whereas the line-source wavefront is cylindrical
[21]. For real GPR acquisition, the radiation pattern is slightly
different and depends on the subsurface materials. The am-
plitude and phase differences associated with the 3-D data
acquisition and 2-D modeling can be corrected by full-wave
numerical simulations [22], which are, however, computation-
ally expensive. Practically, an asymptotic filter is used to con-
vert the 3-D measured data to its 2-D equivalent [23], [24].
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Fig. 1. Flowchart of the 2-D RTM algorithm.

This 3-D-to-2-D data conversion has been adopted for full-
waveform inversion of crosshole radar data [25] and provides
necessary correction of the 3-D data that is required for recover-
ing conductivity in a 2-D inversion [26]. However, the effective-
ness of the data conversion function has been never evaluated
for RTM.

In this paper, we evaluate the effectiveness of the 3-D-to-2-D
data conversion filter for RTM and apply the 2-D RTM algorithm
to converted multioffset GPR data acquired by a multiinput
and multioutput (MIMO) GPR system, which is going to be
launched for imaging shallow lunar regolith structures. This
paper is organized as follows. In Section II, the fundamentals of
RTM and the formulations of the 3-D-to-2-D data conversion are
introduced. Section III presents numerical experiment results,
which demonstrate the effectiveness of the data conversion for
RTM of GPR data. In Section IV, we show the RTM results from
a laboratory experiment. Section VI provides the discussion and
conclusion.

II. METHODS

A. Fundamental of RTM

RTM is based on the full-wave equation and can overcome
the dip limitation as electromagnetic waves can propagate in
any directions. The flowchart of RTM algorithm is illustrated in
Fig. 1. The RTM algorithm consists of three primary steps:
forward propagation of source wavefield, reverse-time back-
ward propagation of the receiver wavefield, and application
of the imaging condition. The same initial model is used for
both the forward- and backward-wave propagations. The wave-
field extrapolation is implemented in time domain [10] using
the finite-difference time-domain (FDTD) method with second-
order accuracy in time and fourth-order accuracy in space [27].
In the first step, the electric field over the whole computation
domain at each time step during the source propagation is saved
in memory. In the second step, the recorded data at all receiver

positions are reversed in time and input as boundary conditions
for computing the backward wavefield using a negative time
step. At each time step of the backward FDTD modeling, the
imaging condition is applied for each grid and the correlation
between the backward and forward wavefields is integrated over
time to yield a reconstructed image of the subsurface for a single
transmitter (shot). A Laplacian filter is applied to the stacked
image to remove the low-frequency migration artifacts caused
by the cross-correlation imaging condition [28].

Various imaging conditions have been proposed for RTM and
it is demonstrated that the source-normalized cross-correlation
imaging condition can produce the most accurate amplitude re-
construction [29]. Therefore, we adopt it for our RTM algorithm
and the expression is given by

I(x, z) =
∑

m

∑
n Sm (nΔt, x, z)Rm (nΔt, x, z)
∑

m

∑
n S2

m (nΔt, x, z)
(1)

where Sm (nΔt, x, z) is the source wavefield radiated from the
mth transmitter at the nth time step, and Rm (nΔt, x, z) is the
back-propagated wavefield from the recorded data at the re-
ceiver locations, and I(x, z) is the reconstructed image from
the multioffset GPR data.

B. Three-Dimensional-to-Two-Dimensional Data Conversion

It has been verified that the 2-D and 3-D vector electromag-
netic GPR problems can be approximated as scalar acoustic
problems [30]. Therefore, we adopt the acoustic transfer func-
tion [23] for the 3-D-to-2-D GPR data conversion, which is
derived as follows.

The frequency-domain Green’s function solution to the wave
equation for an omnidirectional point source in a 3-D homoge-
neous medium is given by

G3D(ω) =
1

4πr
exp (−jkr) (2)

where k = ω/v is the wavenumber, r is the distance from the
source to the observation point, ω is the angular frequency,
and v is the propagation velocity of electromagnetic waves.
The frequency-domain 2-D Green’s function solution for a line
source in a full space is given by

G2D(ω) =
−j

4
H

(2)
0 (kr) (3)

where H
(2)
0 is the Hankel function of the second kind and zeroth

order. Using the large-argument approximation of the Hankel
function, which is valid when the distance r is much larger than
the wavelength, we obtain

G2D(ω) =
1
2

√
1

2πkr
exp (−jkr) exp

(
−j

π

4

)
. (4)

Taking the ratio of the 3-D frequency-domain Green’s func-
tion in (2) and the asymptotic approximation of the 2-D
frequency-domain Green’s function in (4), we obtain the asymp-
totic filter transfer function

G2D(ω) = G3D(ω)

√
2πσ

|ω| exp
(
−j

π

4

)
(5)
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where σ is defined as σ = vr. For the general inhomogeneous
media in a real word, it is given as the line integral of the velocity
with respect to the arc length s of the ray trajectory

σ =
∫

v(s)ds. (6)

To accurately calculate (5), it is required that reflection events
are well separated in time and a velocity model is known be-
forehand. Thus, a transfer function that is simply based on first
arrival time can only be reasonably applicable to the first ar-
rivals of cross-hole radar data [26]. In a real reflection GPR
survey, the ray trajectory of a reflection not only depends on
the velocity distribution in the subsurface, but also relies on
the positions of the transmitter, the receiver, and the reflector.
Overlapping arrivals and strongly curved ray paths are com-
monly observed in a reflection GPR signal. It would be imprac-
tical to use (5) for a real reflection GPR. However, the cross-
correlation imaging condition given in (1) mainly measures the
phase similarity between the source and backward wavefields.
Thus, we disregard the amplitude scaling factor σ, and get an
asymptotic transfer function, which includes a phase shift and
a frequency scaling in the frequency domain. The expression is
given by

G2D(ω) = G3D(ω)
1

√|ω| exp
(
−j

π

4

)
. (7)

III. NUMERICAL EXPERIMENTS

A. Validation of 3-D-to-2-D Data Conversion

In this section, we assess the accuracy of the asymptotic trans-
fer function in (7) for the 3-D-to-2-D data conversion through
two numerical experiments, one in a homogeneous medium and
the other in a 1-D layered medium. Three-dimensional and 2-
D FDTD codes are, respectively, used to compute the radiated
wavefield from a point and a line source. To eliminate the im-
pact of the grid dispersion error in the numerical simulation, we
use 20 grid points per minimum wavelength (PPW), i.e., PPW
equals to 20. In the following numerical experiments, media are
assumed to be nonmagnetic, i.e., the relative magnetic perme-
ability equals to 1. We use the first derivative of the Blackman–
Harris window (BHW) function [31] with a center frequency of
1 GHz as the exciting source. The accuracy of the asymptotic
transfer function is evaluated using the cross-correlation coef-
ficient between the 2-D simulated data and the converted 3-D
simulated data

R =
∑

n x2Dx3D√∑
n x2D

2
∑

n x3D
2

(8)

where x2D is the simulated 2-D GPR trace, x3D is the converted
3-D GPR trace, and n is the time sample. For comparison, we
also calculated the cross-correlation coefficient between the 2-D
data and the original 3-D data.

First, we test the data conversion filter for the simplest case, a
homogeneous medium with relative permittivity and conduc-
tivity equal to 3 and 0.1 mS/m, respectively. The compari-
son among the 2-D, 3-D, and converted 3-D electric fields

Fig. 2. Comparison among the 2-D, 3-D, and converted 3-D electric fields
propagating in a homogeneous full space. The 2-D and 3-D waveforms are
recorded by a simulating receiver at 1.5 m away from a source. (a) Original data
and (b) data after normalization.

is shown in Fig. 2. For better observation of the phase dif-
ferences, we show the data after normalization in Fig. 2(b).
We can see that a distinct phase difference exists between the
3-D and 2-D wavelets and their cross-correlation coefficient
is calculated to be 0.776. After the 3-D-to-2-D data conver-
sion, we can hardly discern the difference between the con-
verted 3-D and 2-D data, and their cross-correlation coefficient
reaches 0.998.

The second numerical test is conducted on a 1-D layered
model, as shown in Fig. 3(a). Fig. 3(b) shows the simulated
data after normalization. We can readily identify the direct air
wave, surface reflection, and the reflection from the subsurface
interface, which arrive at 5, 8, and 11 ns, respectively. We can
observe that a distinct phase difference exists between the sim-
ulated 3-D and 2-D data. The strong direct wave is considered
as a noise in migration, so the quality of data conversion is eval-
uated using the weak reflections, which are useful signals [13].
The cross-correlation coefficient of the reflection signals in the
simulated 3-D and 2-D data is calculated to be 0.732. After the
3-D-to-2-D data conversion, the converted 3-D data matches
well with the 2-D data, and their cross-correlation coefficient
reaches 0.996.
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Fig. 3. Comparison among the 2-D, 3-D, and converted 3-D electric fields
propagating in a layered model. The 2-D and 3-D waveforms are recorded by
a simulating receiver at 1.5 m away from a source, both lying 0.1 m above
the air/ground interface. (a) Simulation model and (b) simulated data after
normalization.

Fig. 4. Buried pipe model for evaluating the 2-D RTM algorithm. The source
and receiver positions are, respectively, indicated by a cross and a circle. An
air-filled concrete (electric conductivity equals to 1 mS/m) pipe is buried at a
depth of 0.4 m.

B. Two-Dimensional RTM Imaging

In this section, we use a buried pipe model (shown in
Fig. 4) to validate the 2-D RTM algorithm and the effective-
ness of the 3-D-to-2-D data conversion filter on the imaging
results. Three-dimensional FDTD code is used to compute the
radiated wavefield from a point and simulated 3-D data are used

Fig. 5. Example of the simulated common-source GPR profile from the model
in Fig. 4. Time-variant gain has been applied for better presentation of the
reflected signal from the buried object.

for the following RTM. The 3-D model was set up by extend-
ing the 2-D model in Fig. 4 in the third direction (y-direction).
PPW was set to be 15 and we use a BHW source with a center
frequency of 2 GHz. Fig. 5 shows an example of the simulated
common-source GPR profiles. To evaluate the effectiveness of
the 3-D-to-2-D conversion filter on the 2-D RTM, we first re-
construct the subsurface image by 3-D RTM using the simulated
3-D data and use it as the ground truth. Then, we reconstruct the
images by 2-D RTM using the simulated 3-D data and the con-
verted 3-D data. Since the velocity structure in the subsurface
is usually unknown in real measurement, we use a constant-
velocity half-space model for the RTM. The migrated images
are shown in Fig. 6. We can observe the distinct phase differ-
ence between Fig. 6(a) and (b). However, the difference between
Fig. 6(a) and (c) can be hardly distinguished. To investigate
influence of the noise, which is unavoidable in real measure-
ment, on the proposed imaging procedure, we added the white
noise to the simulated GPR dataset. The signal-to-noise ratio
(SNR) is set to be 10 dB. The reconstructed subsurface im-
ages are shown in Fig. 6(e)–(g). More clutter can be observed,
compared with the noise-free results in Fig. 6(a)–(c). Neverthe-
less, Fig. 6(g) matches better with Fig. 6(e) than Fig. 6(f). This
means that the 3-D-to-2-D data conversion is effective for the
2-D RTM.

To better demonstrate the effectiveness of the 3-D-to-2-D
data conversion filter on 2-D RTM, we compare two sample
traces from the RTM results at position of 1.1 m (center of
the pipe) and 1.2 m (edge of the pipe). The results are shown
in Fig. 7. For the noise-free results in Fig. 7(a) and (b), the
cross-correlation coefficient increases from 0.921 (between the
solid and dashed curves) to 0.955 (between the solid and dotted
curves) at the first position, and increases from 0.923 to 0.957 at
the second position. For the noisy results in Fig. 7(c) and (d), the
cross-correlation coefficient increases from 0.903 (between the
solid and dashed curves) to 0.934 (between the solid and dotted
curves) at the first position, and increases from 0.884 to 0.922 at
the second position. Although the influence of the noise makes
the overall match between the 3-D RTM and 2-D RTM results
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Fig. 6. Reconstructed subsurface images of the concrete pipe model in Fig. 4 by (a), (d) 3-D RTM using the simulated 3-D dataset, (b), (e) 2-D RTM using the
simulated 3-D dataset, and (c), (f) 2-D RTM using the converted 3-D dataset without (up) and with (bottom) noise.

Fig. 7. Comparison of sample traces from the RTM results in Fig. 6 at (a), (c) x = 1.1 m and (b), (d) x = 1.2 m. (a), (b) are extracted from the noise-free results
in Fig. 6 (a)–(c), while (c), (d) are from the noisy results in Fig. 6(e)–(g). The solid, dashed, and dotted curves from the left to right in each panel are produced by
3-D RTM using the simulated 3-D dataset, 2-D RTM using the simulated 2-D dataset, and 2-D RTM using the converted 3-D dataset, respectively. Better match
between the soild and dotted curves than that between the solid and dashed curves can be easily observed no matter the noise (SNR = 10 dB) is added or not.

decreased, it is evident that the 3-D-to-2-D data conversion can
yield more close (accurate) image to the 3-D RTM, especially
in the aspect of the phase congruency. Therefore, we conclude
that the asymptotic 3-D-to-2-D data conversion filter does work
for GPR, although it is based on the far-field assumption.

IV. LABORATORY EXPERIMENT

A MIMO GPR system is going to be launched to the moon
by the China’s Chang-E 5 lunar exploration mission in 2017.

Fig. 8 shows a schematic drawing of the Change-E 5 lander
[32]. This lander is equipped with an impulse GPR system and
12 off-ground Vivaldi antennas, one of which is sequentially
used as a transmitter and the other 11 receive the radar echoes
at a height of about 90 cm above the lunar surface. The layout
of the 12 antennas is presented in [33]. Since two of the 12
antennas are out of the 2-D imaging plane containing the driller,
we use only ten Vivaldi antennas for the 2-D RTM, but unlike
a usual GPR system, this MIMO GPR system is fixed at a
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Fig. 8. Schematic diagram of the laboratory experiment on a volcanic ash pit
using the MIMO GPR system, which is equipped on a real-size model of the
Chang-E 5 lander to be launched to the moon in 2017. Three marble slabs were
sequentially buried at different depths in the volcanic ash. The measurement
was repeated at three positions to image the three marble slabs, respectively.

position and works in a stationary mode. We have to image the
lunar regolith structure and the distribution of lunar rocks below
the driller (indicated in Fig. 8) from the total 90 GPR traces.
In this section, we show the results of 2-D RTM applied to the
laboratory experimental data.

In the laboratory, a 7 m × 3 m × 2.5 m pit filled with volcanic
ash is used to simulate the lunar soil. The relative dielectric
permittivity of the volcanic ash is about 2.5 and its electric con-
ductivity is negligibly small. We buried three marble slabs at
depths of 1, 1.5, and 2 m, respectively, in the volcanic ash pit,
as shown in Fig. 8. The thickness and relative dielectric permit-
tivity of the marble slab are 3 cm and about 8, respectively. At a
depth of 2.5 m, i.e., at the bottom of the ash pit, there is a metal
plate. A real-size model of the Chang-E 5 lander equipped with
the MIMO GPR system was place on the ground to detect the
subsurface targets, and 90 GPR traces were recorded. Due to
the limited aperture of the antenna array, the measurement was
repeated at three horizontal positions to image the three marble
slabs, which was sequentially buried. The source wavelets radi-
ated from each transmitting antenna were recorded as input of
the RTM algorithm by lifting the lander at a height of about 4
m from the ground. The center frequency of the source impulse
is around 2 GHz and the effective frequency band is from 1 to
3 GHz.

The procedure for preprocessing the GPR traces consists of
a constant gain, dc removal, dewow, cable delay correction,

Fig. 9. Example of the measured common-source GPR profile when the lander
was place over the marble buried at 0.5-m depth.

background removal, and the 3-D-to-2-D data conversion. A
time-variant gain has been applied in the receiver of the GPR
system to compensate energy loss mainly due to the wavefront
spreading. The cable delay correction compensates the time de-
lays through the coaxial cable and from the antenna feeding
point to the antenna phase center [34]. After the correction,
the Vivaldi antenna is simplified as a point source. The back-
ground removal is conducted to eliminate the strong antenna
coupling, interfering reflection signal from the lander and other
clutters. The background signal is measured by lifting the lan-
der at a height of 4 m from the ground surface and subtracted
from the measured signal in the aforementioned laboratory ex-
periment. Through this background removal, we can suppress
the antenna coupling and reflection from the lander, rather than
the antenna–ground interactions. Fig. 9 shows an example of
the measured common-source GPR profile after data process-
ing. The 3-D-to-2-D data conversion is implemented using the
asymptotic filtering given by (7) in the frequency domain, which
add a little computing cost compared to the RTM. After the data
preprocessing, a tapered time window is applied to exclude the
interfering reflection from the reinforced concrete walls of the
ash pit, a nearby metal window of the laboratory room, etc. The
parameters of such time window are designed according to the
known depths of the targets.

A half-space model, in which the relative dielectric permittiv-
ity and electric conductivity of the volcanic ash are set to be 2.5
and 0.1 mS/m, is used as the initial model for the 2-D RTM. A
Laplacian filter is applied to the RTM results of the three marble
to remove the low-frequency migration artifacts caused by the
source-normalized cross-correlation imaging condition. Fig. 10
shows the reconstructed images of the three marble slabs. The
ground surface and the buried marbles at different depths are
clearly imaged. The images of the three marble slabs are in
good consistence with their true locations. However, we can see
that the horizontal resolution is poor and some artifacts exist be-
sides the marble events. The horizontal resolution is constrained
by the limited aperture of the antenna array used by the fixed
MIMO GPR system, which consists of only ten antennas and
records 90 GPR traces.
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Fig. 10. Imaging results of 2-D RTM applied to the three MIMO GPR datasets acquired in laboratory. (a) 1-m marble; (b) 1.5-m marble; and (c) 2-m marble.
The true location of the marbles is indicated by dotted boxes.

V. CONCLUSION

In this paper, we quantitatively evaluated the accuracy of
an asymptotic 3-D-to-2-D data conversion filter for processing
GPR data, as well as the effectiveness of the conversion filter
on the 2-D RTM. The accuracy of the data conversion filter is
verified by two numerical tests on a homogeneous and a layered
model. The distinct phase difference between the simulated 3-
D and 2-D data can be effectively corrected by the conversion
filter. The cross-correlation coefficient between the converted
3-D data and the 2-D data increases from 0.965 to 0.994. The
effectiveness of the data conversion filter on the imaging result
of the 2-D RTM is evaluated using simulated multioffset GPR
data from a buried pipe model. With the filter, subsurface image
by the 2-D RTM matches better with the 3-D RTM result, and
we conclude that this data conversion filter is necessary for
the 2-D RTM, especially in the aspect of phase congruency.
Therefore, we conclude that this 3-D-to-2-D data conversion
filter is necessary for 2-D RTM.

We also conducted a laboratory experiment on a volcanic ash
pit using a MIMO GPR system, which is equipped to the Chang-
E 5 lunar exploration lander and works in a stationary mode.
The 3-D-to-2-D data conversion filter is applied to the measured
multioffset GPR data before the 2-D RTM. The imaging results
demonstrate that three marble slabs buried at different depths
up to 2 m are clearly imaged, and, thus, verified that the mission
for imaging the lunar regolith structure and the distribution of
lunar rocks of the Chang-E 5 lunar exploration lander can be
successfully fulfilled.
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