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Abstract—Compared with a conventional single-channel
GPR system, a GPR system with a multi-input and multi-
output (MIMO) antenna array is not only more efficient in 3D
data acquisition, but also allows the collection of a multi-offset
dataset, thereby providing additional information for more
effective subsurface imaging. We develop a three-dimensional
(3-D) reverse time migration (RTM) algorithm for processing
MIMO GPR data. The finite-difference time-domain method
with a convolutional perfect matching layer boundary is used
to simulate the propagation of electromagnetic waves in
subsurface dissipative media. The range and lateral resolution
of a MIMO GPR system, which works at a stationary mode, is
analyzed by numerical experiments. Furthermore, results of
laboratory experiments would be presented in the extended
abstract.

Index Terms—GPR system, reverse time migration (RTM),
finite-difference time-domain method.

I. INTRODUCTION

Ground penetrating radar (GPR) has been popularly applied
in various fields [1]-[4] to implement non-destructive
detection and imaging. With a pair of

antennas, a GPR system moves along a survey line
transmitting and receiving electromagnetic waves

, and then acquires dense discrete data. Generally, a
synthetic aperture radar (SAR) algorithm is used to process
common-offset GPR data and to improve the lateral
imaging resolution [4][5][7]. Compared with the
conventional single-channel GPR system, a GPR system
with a multi-input and multi-output (MIMO) antenna array
shows more efficiency in 3D data acquisition and allows
the collection of multi-offset dataset. Thereby, additional
information can be provided for more effective subsurface
imaging and detection[8].

In 2017, a MIMO GPR system will be launched to the
moon by the Chinese Chang-E 5 lunar exploration mission.
Equipped with twelve off-ground Vivaldi antennas, one of
these antennas is sequentially applied as a transmitter and
the other eleven receive the radar echoes at a height of about
90 cm above the ground surface. However, unlike a normal
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GPR system, this MIMO GPR system works in a stationary
mode. We have to image the lunar regolith structure and
estimate the dielectric properties of the lunar soil and rock
from the total of 132 radar echoes.

We have developed a reverse-time-migration (RTM)
algorithm to obtain a high-resolution image of lunar
regolith structures. The principle is presented in the second
section and the results of both the experiments in two-
dimensional (2-D) and three-dimensional (3-D) cases are
respectively shown in the third and the fourth sections. In
the fifth section, based on the data from laboratory
experimentation, underground objects can be found after
applying the RTM code simulation. The conclusion will be
given in the lastsection.

II. RTM ALGORITHM

Recently, the RTM algorithm was developed as a novel
algorithm for imaging geological structures in seismic
exploration. We apply it to the processing of MIMO GPR
datasets and the principle of a 2-D RTM algorithm is
briefly given by:

I(x,z) =33 Thy (nAt,x,z) Ry (nAt, x, z) (1
where T, (nAt, x, z) is the electromagnetic field distribution
radiated from the m-th transmiting antenna at the n-th time
step, Rn (nAt, z, x) presents the back-propagated field from
the recorded field by the eleven receiving antennas, and /(x,
z) is the RTM image in a 2-D case with the x- and z-axis.
The superscript m is the number of the transmitting antenna
and # is the number of time steps. For 3-D cases, Equation
(1) can be written as:

[(x,3,2)= 3. 3T, (nAt,x, y, )R, (nAt, x, y,z) @)

where I (x, y, z) "is 'the RTM image in 3-D cases.
Equations 1 and 2 reflect the cross-correlation process as
the imaging condition. The finite-difference time-domain
(FDTD) method with the conventional perfectly matched
layer can be applied to solve the Maxwell’s equations and
calculate the electromagnetic fields for implementing the
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RTM results. The time-domain iterative formula can be
written as:

Hn+1\2= CHHH n71\2+ CHE(aEn) (3)
E'n+1= CEEEn+ CEH(aHn+1P)+Jn+1p (4)

where n is the number of the time steps; E, H and J
represent the electric fields, magnetic fields, and current
source of the antennas, which have three components
corresponding with the x-, y- and z-axes; and OE and 0H
are the curl variation of E and H in the space. The Cyp, Ch,
Cge, and Cgy are the iterative constants for the FDTD
method. If the E), component needs to be considered for the
RTM simulation, then Equation

(2) can be applied and Ix(x, y, z) can be computed to see the
imaging results.

[II. 2-D NUMERICAL EXPERIMENT

Only ten antennas are applied in the 2-D RTM algorithm
since two of the twelve antennas are out of the imaging
plane. For these antennas, the layout is shown in Fig. 1. This
section shows the results of numerical experiments and a
laboratory test. An initial model required by the FDTD
simulation in the RTM is shown in Fig. 1. The relative
dielectric permittivity and electric conductivity of the lunar
soil are respectively set to be 2.5 and 0.01 mS/m. Since no
prior information about the regolith structure and the buried
objects could be obtained, a half-space initial model is
employed for the 2D RTM. The problems under the lunar
soil are unknown. After the RTM processing, we can
forecast the shape of the object.
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Fig. 1. Initial model used for the 2-D RTM. The colorbar indicates the
dielectric permittivity and the cross symbolsdenote the positions of the ten
antennas.

As shown in Fig. 2, the 2-D model of a numerical

experiment is depicted. Two 5 c¢cm diameter cylindrical
rocks are buried at a depth of 50 cm in the lunar soil. Ten
FDTD simulations are run to produce the MIMO GPR
dataset. From the simulated dataset, the RTM image is
shown inFig.
3. The antennas’ positions can be seen in the bright points.
The interface between the air and lunar soil has been
separated by a straight line. Two objects can be clearly
identified. The basic outline forms two circles like the
original objects in the lunar soil.
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Fig. 2. Geometry of a 2-D simulation model. The colorbar indicates the
dielectric permittivity and the cross symbols denote the positions of the
ten antennas.
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Fig. 3. The 2-D RTM image of the numerical dataset
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IV. 3-D NUMERICAL EXPERIMENT

The RTM algorithm in 3-D cases has a greater
significance to the display of the three-dimensional
structure. The resolution needs to be discussed carefully.
For simulation cases, as in the MIMO GPR system, 16
antennas are chosen as the transverse arrangement along the
y-axis. The permutations of the known object are
considered and simulated. As shown in Fig. 5, the whole
computational region is 2m x 2m X 2m and is air.

Fig. 5. Geometry of a 3-D simulation model. The entire region indicates
the air and the green circle symbol denotes the positions of the 16
antennas. The 3 objects are on the same vertical line for xy plane and have
the same volume 10cm x 10cm x 10cm.
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Fig. 6. The 3-D RTM image of the numerical dataset in zx plane.
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Fig. 7. The 3-D RTM image of the numerical dataset in yz plane.

The three objects are vertically arranged under the 16
antennas. The relative dielectric permittivity and electric
conductivity of these objects are respectively set to be 1.0
and 10° S/m. After the RTM simulation, object No.1, No.2,
and No.3 can be separated at different depths from Fig. 6
and Fig. 7. As the antenna position is based on a linear
distribution, the three objects’ images show a good
performance along the antenna position, and these are
shown in Fig. 8(a) —(c).

V. LABORATORY EXPERIMENT

The Chinese Chang-E 5 lunar exploration mission is in
preparation. In the laboratory, volcanic ash is selected as the
experimental material because its electromagnetic
properties are close to those of lunar soil. The MIMO GPR
system is located above the ground to detect an unknown
object. A marble slab is buried at 2.0m depth in the
volcanic ash pit, as shown in Fig. 9. At the depth of 2.5 m,
there is a metal plate in the bottom of the ash pit. The
relative dielectric permittivity of volcanic ash is about 2.5,
and its electrical conductivity is negligibly small. The
thickness and relative dielectric permittivity of the

marble slab are 3 cm and about 8, respectively. After
running the experiment, we can record a total of 132 radar
echoes and the transmitting signal from the MIMO GPR
system.

zim)

¥im)

(©)
Fig. 8. The 3-D RTM image of the numerical dataset in xy plane at: (a) z =
1.0m; (b) z=0.7m; (¢) z=0.3m.

Using the experimental data, the RTM code can be
executed to search for the marble slab. Imaging results are
successfully obtained at 2.0m depth as shown in Fig. 10.
Although the
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marble slab is only 3 cm in thickness, we can identify the
upper and lower interfaces of this structure. It can be seen
that the MIMO GPR system has a depth resolution better
than 3 cm in marble rock. Considering the velocity
difference in marble and lunar soil, it is concluded that the
MIMO GPR system has a depth resolution of about 5 cm in
the Iunar soil. Furthermore, we repeated similar
experiments when two marble slabs were buried at depths
of 1.0 m and 1.5 m in the shallow zone. Without the
jamming from the bottom of the ash pit, both of them will
show better imaging results than in Fig. 10.
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Fig. 9 Schematic diagram of the laboratory test.
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Fig. 10. The 3D-RTM results of the laboratory experiment in the 2.0m depth.

VI. CONCLUSION

In this paper, a stationary MIMO GPR system for
shallow lunar exploration was introduced. To obtain a high-
resolution subsurface image from the MIMO GPR dataset,
a RTM algorithm was developed and verified by both
numerical and laboratory experiments in 2-D and 3-D cases.
The horizontal resolution was about 10 cm at a 50 cm depth
and increased with depth. The depth resolution was verified
to be less than 5 cm in lunar soil and 3 cm in lunar rock. A
numerical experiment demonstrated that the dielectric
permittivity of both the lunar soil and target rock can be

accurately estimated from the MIMO GPR dataset at only
six discrete frequencies.
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