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Abstract—A frequency-domain reverse-time migration (RTM)
algorithm based on the layered medium dyadic Green’s function
(DGF) is proposed for high-resolution and efficient subsurface
imaging using ground penetrating radar (GPR). Different from the
conventional RTM, which is performed by the finite-difference time
domain (FDTD) method, both the forward and backward extrapo-
lation wavefields in this frequency-domain RTM are computed by
the multiplication between the frequency spectra of the excitation
source or the recorded GPR data and the layered medium DGFs.
The final image is reconstructed by the direct summation of all
the wavefields for all the sampling frequencies in the frequency
domain, instead of transforming them back to the time domain
and processing them. Two-dimensional (2-D) or 3-D numerical
and laboratory experiments show that the proposed frequency-
domain RTM algorithm can yield almost the same imaging results
as the conventional time domain RTM algorithm but requires less
than two orders of magnitude in computational costs. The pro-
posed GPR imaging method is verified to be competent for the
fast 3-D imaging of potential larva rocks under the lunar surface,
which can provide critical information for the regolith-drilling task
of the Chang-E 5 lunar exploration mission of China. Real-time
subsurface imaging by RTM could be fulfilled and be widely ap-
plied to engineering geophysics, such as urban utility detection,
through-wall imaging, and ice monitoring by ground-coupled or
air-borne GPR.

Index Terms—Ground penetrating radar (GPR), layered
medium Green’s function, lunar exploration, reverse-time
migration (RTM).
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I. INTRODUCTION

GROUND penetrating radar (GPR), as a high-efficiency
near-surface geophysical tool, has been widely applied in

geological mapping [1], [2], hydrological monitoring [3]–[6],
nondestructive testing of civil engineering structures [7], [8],
planet exploration [9]–[11], landmine detection [12], [13], etc.
A portable GPR system is desired for field data acquisition, and
it employees a small antenna, which exhibits low directivity and
a wide beamwidth. This causes the GPR image to bear little
resemblance to the actual target scattering scenario [14]. Migra-
tion can collapse the diffraction hyperbola on its apex and move
the inclined reflector to its true position, and thus is often used
to reconstruct the subsurface image. Various migration algo-
rithms have been used for the GPR imaging, such as diffraction
stacking [14], [15], phase-shift migration [16], [17], synthetic
aperture radar processing [18], back propagation [19], [20], etc.
Reviews of these migration algorithms can be found in [21]
and [22].

Reverse-time migration (RTM) is based on the two-way wave
equation and can be viewed as the matched filtering between
the incident field and the time-reversed receiver field [23]. It has
been recognized as one of the most accurate imaging methods
currently available [24], [25]. Due to its high accuracy in recon-
structing images of subsurface complex structures, RTM has
become a routine imaging technique for the seismic exploration
[26]–[28], and also has been applied to optical imaging [29],
as well as GPR imaging [30]–[34] in recent years. The finite-
difference time domain (FDTD) method is conventionally used
to calculate the wavefields during the forward and backward
extrapolations in RTM [23]. Since it is required to perform a
RTM computation for each shot or transmitting antenna loca-
tion, the computational cost of RTM is always a critical concern
[35]. Therefore, RTM has not been widely used for GPR in
practice due to the huge amount of data acquired during high-
speed surveys [30]. On the other hand, the result of RTM is
sensitive to the input of a velocity model [36]. Full waveform
inversion [37] and travel-time tomography [31] can provide an
estimate of the subsurface velocity structure as an initial model
for RTM, but they incur additional computational cost and al-
gorithm complexity. Since horizontally layered structures have
been commonly encountered by GPR, such as concrete struc-
tures, asphalt pavements [7], sediments, and lunar regolith [10],
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a horizontally layered velocity model is usually used for RTM
of real GPR data [34], [38].

Besides the FDTD method, GPR simulation is also imple-
mented in the frequency domain based on the Green’s function
of a point source over a layered structure [39]. To enhance the
computation efficiency, a plane wave model with a spreading
factor is proposed to approximate the layered medium Green’s
function [40]. A hybrid algorithm integrating FDTD method and
Green’s function is also proposed for GPR simulation in hetero-
geneous −2.5-D- media [41]. Due to the high efficiency of the
frequency-domain simulation method, inversion of GPR data is
usually conducted in the frequency domain to obtain the dielec-
tric properties of the layered structure [40] and buried objects
[42]. The Born approximation is commonly adopted to avoid
the nonlinear effect of the integral equation and to setup the cost
function for the scattering field at the receivers [23], [43].

In this paper, we propose an efficient frequency-domain RTM
(FRTM) algorithm based on the layered medium dyadic Green’s
function (DGF), which is evaluated precisely by Sommerfeld
integration. This FRTM is completely implemented in the fre-
quency domain and in all three dimensions without the assump-
tion of weak scattering and thus no Born approximation is made.
In addition, in order to save computation time and resources, we
take the advantage of the translation-invariance [44] of the lay-
ered medium DGFs to avoid the repetitive computation of DGFs
for all the transmitters and receivers. A direct motivation of this
paper is that a multi-input and multi-output (MIMO) GPR sys-
tem is going to be launched to the moon by China’s Chang-E
5 lunar exploration mission in 2019. This MIMO GPR sys-
tem works in a stationary mode and will record only 132 GPR
traces. In our previous work, a 2-D time domain RTM (TRTM)
algorithm based on the FDTD method has been applied to the
measured 132 GPR traces in laboratory, and the results validate
the feasibility of the Chang-E 5 lunar exploration mission [34].
However, 3-D imaging of the subsurface rocks is desired for
accurate geological interpretation and providing critical infor-
mation for the regolith-drilling task on the moon, which restricts
that the GPR data processing must be finished within three hours.
In order to greatly enhance the computational efficiency and pro-
mote the practical applications of 3-D RTM to lunar exploration,
as well as other engineering GPR survey, we apply the FRTM
algorithm utilizing the DGF in layered media. Both the forward
and backward extrapolation wavefields in the imaging region are
computed by the multiplication between the frequency spectra
of the excitation sources and the layered medium DGFs, which
are evaluated independently for each sampling frequency. The
final image is reconstructed by multiplication of the source and
receiver wavefields in the frequency domain, instead of trans-
forming them back to the time domain and adding them together
for all shots. To evaluate the performance and efficiency of the
proposed FRTM algorithm for both 2-D and 3-D imaging, we
conducted two numerical and two laboratory experiments, and
compared the consumption of computation time and memory
between the FRTM algorithm based on the DGFs and the con-
ventional TRTM algorithm based on the FDTD method.

This paper is organized as follows. In Section II, the algo-
rithm of the FRTM is given in detail. The image condition, the

computation of wavefield, and the execution of RTM in the fre-
quency domain is discussed. In Section III, a numerical experi-
ment is at first performed and the image results and computation
cost are compared between FRTM and TRTM. Then, the second
numerical experiment is implemented to study the effects of the
polarization combination on the imaging results. In Section IV,
the comparisons of the performance of FRTM and TRTM are
also carried out for two laboratory experiments. Finally, in
Sections V and VI, conclusions are drawn and some comments
are given.

II. METHODS

A. Imaging Condition in Frequency Domain

The algorithm of RTM consists of three main steps, i.e.,
forward propagation of the source wavefield, backward prop-
agation of the receiver wavefield, and imaging condition. The
zero-lag cross correlation of the source and receiver wavefields
[45] is commonly used as the imaging condition as follows:

I(r) =
∫ T

0
us(r, t)ur (r, T − t)dt (1)

where r is the location of the grid in the imaging domain and de-
notes (x, z) and (x, y, z) in the 2-D and 3-D cases, respectively,
I(r) is the reconstructed image generated from a common-
source GPR gather, us(r, t) is the source wavefield propagated
from the source, ur (r, t) is the receiver wavefield, which is
generated by extrapolating the time-reversed GPR waveform
recorded by the receivers corresponding to the source, and T is
the time window of the recorded GPR traces. Multiple sources
or multiple source locations usually exist in the GPR data to be
processed by RTM, and thus, the final reconstructed image is
produced by stacking each RTM image for all the sources.

Due to the causality of the GPR signal, (1) can be rewritten
in a convolution form as [46]

I(r) =
∫ T

0
us(r, t)ur (r, τ − t)dt|τ =T . (2)

Since the convolution in the time domain is corresponding to
the multiplication of spectra in the frequency domain, (2) can
be rewritten as

I(r) =
1
2π

∫ ∞

−∞
Us(r, ω)Ur (r, ω)ejωτ dω|τ =T

=
1
2π

∫ ∞

−∞
Us(r, ω)Ur (r, ω)ejωT dω (3)

where Us(r, ω) and Ur (r, ω) are the Fourier transformation of
the source wavefield us(r, t) and the receiver wavefield ur (r, t),
respectively.

B. Wavefield Computation for FRTM

The spectra of the wavefields, i.e., Us(r, ω) and Ur (r, ω), in
the imaging domain are directly computed by the multiplication
of the DGFs and the spectra of the source wavelet and recorded
GPR traces at the corresponding receivers, and their expressions
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are given by [47]

Us(r, ω) = G(r, rs , ω) · S(rs , ω) (4)

Ur (r, ω) = G(r, rr , ω) · R∗(rr , ω)e−jωT (5)

where G is the DFG, S(rs , ω) is the spectra of the source
waveform excited at the source location rs , and R(rr , ω) is the
spectra of the recorded GPR trace at the receiver location rr .
The complex conjugate denoted by the superscript * together
with the multiplication factor e−jωT are corresponding to the
time reversal of the recorded GPR trace.

The DFG is a second-order tensor for each frequency at each
grid in the imaging domain, which means that our FRTM algo-
rithm can be applied to GPR data recorded in any polarization
combination. It links the vector field response to an electric
source excitation with an arbitrary polarization [47], and can be
written as

G(r, rs , ω)=

⎡
⎢⎢⎣
gxx(r, rs , ω) gxy (r, rs , ω) gxz (r, rs , ω)

gyx(r, rs , ω) gyy (r, rs , ω) gyz (r, rs , ω)

gzx(r, rs , ω) gzy (r, rs , ω) gzz (r, rs , ω)

⎤
⎥⎥⎦
(6)

and G(r, rr , ω) has a similar form.
When a GPR measurement works in a perpendicular broad-

side mode and uses linearly polarized antennas for transmission
and reception [48], only one polarization component of the elec-
tric field is recorded by GPR. Thus, only one component of the

dyadic G, e.g., gyy (r, rs , ω) or gyy (r, rr , ω), needs to be eval-
uated for computing spectra of the wavefields. In this way, the
depolarization effects are neglected. In some situations when the

multiple polarizations are considered, other components of G
besides gyy need to be computed. However, they have the sim-
ilar translation-invariance properties as gyy and the numerical
evaluation is almost the same [49]. Therefore, in the following,
we just take gyy as an example and discuss the fast computation
of the DGFs.

At a first glance, gyy must be computed for all the field points
r in the image domain corresponding to all the transmitters rs

and receivers rr one by one. This is highly time consuming,
especially for the 3-D RTM, because the layered medium DGF
has no analytic solution and it can only be evaluated by the nu-
merical Sommerfeld integration. The basic idea is to decompose
the electromagnetic wave excited by radar antennas to a series
of plane waves with different propagation directions through
the 2-D spatial Fourier transform in the horizontal planes. The
reflection and transmission coefficients for all the wave prop-
agation directions are computed for multiple layers, and thus,
the final wavefields at the observation points are the superposi-
tion of all these plane waves undergoing multiple reflection and
transmission. The superposition is mathematically performed
by the Sommerfeld integration. Detailed derivation and numer-
ical evaluation of each component of the layered medium DGF
can be found in [49]. Fortunately, the computation cost can
be drastically reduced by virtue of the property of symmetry
and horizontal translation-invariance of the DGF. These two

Fig. 1. Flowchart of the FRTM algorithm.

properties can be easily proved from the expressions given in
[49]. Briefly speaking, if we assume ẑ is normal to the layer

boundary, the gyy of G(r, rs , ω) can be expressed as

gyy (r, rs , ω) = gyy (|x − xs |, |y − ys |, z, zs , ω) (7)

and it has a similar expression for the G(r, rr , ω). Only the gyy

for the arguments between |x − xs |min and |x − xs |max as well
as |y − ys |min and |y − ys |max need to be computed. Others can
be directly obtained by the property of symmetry and horizontal
translation-invariance.

The computation of DGFs can be further accelerated by the
Chebyshev interpolation in a horizontal plane. As shown in [49],
(7) can be rewritten as

gyy (r, rs , ω) = gyy (ρ, z, zs , ω) = g′yy (ρ, z, zs , ω)f(φ) (8)

where ρ =
√

(x − xs)2 + (y − ys)2 , cosφ = x−xs

ρ , sinφ =
y−ys

ρ , and f(φ) is a function of the azimuth angle φ. Obviously,
the evaluation of gyy can be performed through the Sommerfeld
integration for different ρ values followed by the multiplication
of trigonometric function values. Therefore, we first evaluate
g′yy for a limited number of sampled discrete ρ values between
ρmin and ρmax . The gyy for any imaging point can be obtained
by the Chebyshev interpolation in ρ followed by the multiplica-
tion of f(φ). The sampling rates of ρ are different for different
frequencies. Numerical experiments show that the relative error
of gyy caused by the Chebyshev interpolation is less than 0.1%
if the sampling point per wavelength (PPW) is larger than 4. So
we set the PPW = 4 for the spatial sampling rate of ρ when g′yy is
computed. It should be noted that DGFs are evaluated indepen-
dently for each frequency, and therefore are easily executed in a
parallel computation mode. The Sommerfeld integration of g′yy

for all the z and zs/zr values and all the sampling frequencies
is performed in advance and the results are saved in disk before
the execution of FRTM.

C. FRTM Algorithm

The flowchart of the FRTM algorithm is shown in Fig. 1.
When FRTM is executed, the computed DFGs are loaded
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Fig. 2. (a) Numerical model. Comparison between the 2-D imaging results obtained. (b) By the conventional TRTM. (c) By the proposed FRTM using a synthetic
MIMO GPR dataset from (a). A cylinder rock object with a radius of 5 cm is buried in the subsurface regolith.

into the memory at first. For each sampling frequency, the
Chebyshev interpolation is performed to acquire the DGFs in
all the field points in the imaging domain. The source wavefield
spectra and the receiver wavefield spectra at all the image grids
are computed by the multiplication of the DGFs and the source
waveform spectra as well as the conjugates of the receiver
waveform spectra according to (4) and (5). The final RTM im-
age is reconstructed by the summation of the multiplication of
wavefield spectra of the source and receivers for all the sampling
frequencies according to (3). We do not save the DGFs for all
the field points in disk since loading these values into memory
is much more time consuming than the Chebyshev interpolation
to acquire them from Sommerfeld integration results, and this
is even more obvious in the 3-D FRTM. If multiple transmitting
antennas or measurement locations exist in the GPR survey, we
have to sum the GPR data acquired by the multiple transmitters,
as illustrated by the “shot loop” in Fig. 1. In addition, the final
RTM image is acquired by the summation over a series of
discrete sampled frequencies in the effective frequency range of
the GPR data, as illustrated by the “frequency loop” in Fig. 1.
The frequency step is determined by the Nyquist criterion.

III. NUMERICAL EXPERIMENTS

At first, a 2-D numerical experiment using a MIMO GPR
system is conducted to validate the proposed FRTM algorithm
and to compare it with the TRTM based on FDTD, as shown
in Fig. 2(a). The relative dielectric permittivity of the regolith
and the larva rock are set to be 2.5 and 5, respectively, and the
electric conductivity are 10−5 S/m and 10−4 S/m, respectively.
It should be emphasized that the moisture effect on the regolith
dielectric parameters is not considered in this paper since we are
just mimic the Chang-E 5 lunar soil detection. To simulate the
antenna array employed in Chang-E 5 Lunar exploration radar
system, 12 antennas (infinitesimal electrical dipole sources
polarized in the y direction) with a uniform spacing of 12
cm are used as a transmitting antenna in turn and the other
11 antennas are used as receiving antennas, and thus, 132
synthetic GPR traces are obtained by 12 FDTD simulations.
A Blackman–Harris window (BHW) wavelet with a center
frequency of 2 GHz is used for the source excitation. Direct

coupling is muted from the simulated GPR traces. In order to
compare two algorithms fairly, we run all the cases presented
in this paper in the same computing server with 24 CPU cores
(48 threads), 2.7-GHz speed, and 512 GB memory. The DGFs
are computed in a parallel mode and the results are saved in the
disk before performing the FRTM. Both TRTM and FRTM are
executed sequentially using one thread of a single CPU core.
In the 2-D FDTD computation of TRTM, the PPW is set to be
17, and the mesh size and the time step are 2.8 mm and 5 ps,
respectively. The 2-D image region in this case has the size
of 1.6 × 1.8 m 2 . For FRTM, the spatial sampling step for the
field points in the image region is 4 mm in both the x and z
directions. The source and receiver spectra are sampled from
20 MHz to 4 GHz with a frequency step of 20 MHz.

Fig. 2(b) and (c) show the 2-D images reconstructed by TRTM
and FRTM using a half-space initial model, respectively. No
difference can be discerned between the two reconstructed im-
ages except the phase difference at the source locations, which
can be explained by the fact that the electric fields in the region
very close to the source point cannot be accurately simulated by
the FDTD method. Both the buried rock and the ground surface
are clearly imaged, and the top and bottom interfaces of the rock
can be identified. The computation resources consumed by the
two RTM algorithms are given in Table I. The time for loading
the DFGs into the memory before FRTM is negligible and not
listed. For the FRTM, although the DFG interpolation and the
RTM imaging are run in the same memory space, their running
time can be distinguished. The FRTM algorithm consumes less
than one fiftieth of the memory and 1% of the computation
time cost by the TRTM algorithm. Since the DFGs can be
computed in advance, a 2-D subsurface image can be produced
from the real GPR data to be acquired by the Chang-E 5 lunar
exploration mission by the FRTM algorithm in half a minute.

Then, we carried out a similar 2-D numerical experiment for
the through-wall imaging application. The configuration is il-
lustrated in Fig. 3(a). We also employ a MIMO GPR system.
Ten infinitesimal electrical dipole antennas with a uniform spac-
ing of 15 cm are placed 4 cm over the concrete wall and used
as transmitters and receivers in turn. Thus, 99 synthetic GPR
traces are obtained by ten FDTD simulations. A BHW wavelet
with a center frequency of 2 GHz is used for the source ex-
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TABLE I
COMPARISONS OF THE COMPUTATION CONSUMPTION BETWEEN TRTM AND FRTM FOR THE 2-D MIMO GPR NUMERICAL EXPERIMENT

Fig. 3. (a) Through-wall numerical model. Comparison between the 2-D imaging results obtained by the proposed FRTM. (b) Using the copolarization.
(c) Using cross polarization GPR data acquired over (a). A human body with a size of 50 cm × 25 cm is positioned 50 cm behind the 30-cm thick wall. Images in
panel (b) and (c) are displayed in the same scale. The position of the human body in the migrated image is marked by a dotted red box.

citation. The concrete wall has a thickness of 30 cm, and the
relative dielectric permittivity and conductivity are set to be 6.5
and 5 × 10−4 S/m, respectively. A human body with a size of
50 cm × 25 cm is positioned 50 cm behind the wall. The rel-
ative dielectric permittivity of the human body is 30 while the
conductivity is 10−3 S/m.

Different from last case, we compare the imaging results by
the FRTM algorithm using GPR data in different polarization
combinations. A three-layer model (air-wall-air) is used as the
initial model for the FTRM, and DFGs for gxx and gxz are cal-
culated and saved in the hard disk. The imaging results from the
co- [Exx in Fig. 3(b)] and cross [Exz in Fig. 3(c)] polarization
GPR data are shown in Fig. 3(b) and (c), respectively. Obvi-
ously, the human body hidden behind the wall can be clearly
imaged by both polarization combinations. The thickness of the
human body is increased to 1.35 m in the migrated images, as
indicated by the dotted red box. The reason is that the time delay
of the electromagnetic waves passing through the human body
is about 5.5 times of that in the air with the same thickness,
due to the large electric contrast. In comparison, reflection from
the human body is stronger in the copolarization channel than
that in the cross polarization channel. Nevertheless, multiple
reflections are more obvious in the co-polarization channel. For
example, the ripple reflection at a depth of about 1.1 m is gener-

ated by the double bouncing signal inside the wall. While, it is
hardly seen in the cross-polarization channel. The reason is that
the cross polarization can mitigate the wall reflection, as well
as its ringing, and thus highlight the reflection from the hidden
human body [50].

IV. LABORATORY EXPERIMENTS

The results of a 2-D and a 3-D laboratory experiments are pre-
sented in this section. As shown in Fig. 4(a), a common-offset
(CO) GPR profile containing 533 traces with a step of 4 mm
was recorded over a sandpit by a commercial GPR system with
the center frequency of 1.6 GHz. The IDS antennas are used and
the distance between the transmitting and receiving antenna is
about 4 cm. The source wavelet for RTM was recorded by the
reflection from a flat metal plate buried at a depth of about 15 cm
in the sand. A half-space initial model is used for both the TRTM
and FRTM algorithms. The relative dielectric permittivity and
electric conductivity of the sand are set to be 3.0 and 0.1 mS/m,
respectively. For TRTM, the PPW of 2-D FDTD computation
is set to be 13, and the mesh size and the time step are 3.4 mm
and 6 ps, respectively. For FRTM, the spatial sampling step for
the field points in the image region is 2 mm in both the x and
z directions, and there are totally 1200 × 430 image pixels in
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Fig. 4. (a) Experimental model. Comparison between the 2-D imaging results obtained. (b) By the conventional TRTM. (c) By the proposed FRTM using a
measured CO GPR profile from (a). The two air-filled plastic pipes (marked by T1 and T2) and one air-filled glass cube (marked by T3) are marked by white color,
and two metal pipes (marked by T4 and T5) are marked by yellow color.

TABLE II
COMPARISONS OF THE COMPUTATION CONSUMPTION BETWEEN TRTM AND FRTM FOR THE COMMON-OFFSET GPR LABORATORY EXPERIMENT

the imaging region. The source and receiver spectra are sampled
from 30 MHz to 6 GHz with a frequency step of 30 MHz. As
shown in Fig. 4(b) and (c), the 2-D subsurface images recon-
structed by the TRTM and FRTM are almost the same. The main
difference is that the surface responses are almost out of phase.
The reason is that the sources are placed on the ground surface
and the electric fields near the source computed by the FDTD
method are unreliable. All the buried pipes and the cube, as well
as the bottom of the sandpit at a depth of about 58 cm, are clearly
imaged. The comparison of computational costs by the two al-
gorithms are given in Table II. Since the TRTM algorithm has to
run two FDTD simulations for each source location, it consumes
a computation time of about eight days, which is unaffordable
for real GPR applications. While the FRTM algorithm needs
calculating the DFGs only once, it consumes about 10 h, 1 min,
and 6 min for the DFG computation, DFG interpolation, and the
RTM imaging, respectively. The remarkable reduction in the
memory and computation time by a magnitude of two orders
is a great advantage of the proposed FRTM algorithm. For real
GPR applications in engineering, such as urban utility detection,
pavement and concrete structure inspections, and ice monitor-
ing, the DFGs can be calculated in advance and saved in disk. In
this way, the imaging time of FRTM is comparable as that of the
conventional migration algorithms, such as diffraction stacking,
F-K migration, etc. The high resolution and imaging accuracy
benefited from RTM can facilitate the accurate interpretation of
real GPR data in these engineering applications.

The 3-D laboratory experiment was conducted over a 7 m ×
3 m × 2.5 m pit, which is filled with volcanic ash to mimic
the lunar environment, as shown in Fig. 5(a). A 60 cm × 60
cm × 3 cm marble slab was buried at the depth of 1 m. The
lunar regolith exploration GPR system employs 12 Vivaldi an-

tennas and is equipped on the stationary lander. Each Vivaldi
antenna has the size of 15 cm× 10 cm. The detailed layout of
the Vivaldi antenna array can be found in [51]. The lander was
placed over the ash pit and the height of the antenna from the
ground surface is about 95 cm. Direct coupling was muted from
the recorded 132 GPR traces according to the estimated arrival
time of the surface reflection. A half-space model is used for
both the TRTM and FRTM algorithms, and the relative dielec-
tric permittivity and electric conductivity of the volcanic ash are
set to be 3.0 and 10−5 S/m, respectively. The source wavelets
radiated from the 12 Vivaldi antennas were recorded using a
Vivaldi receiving antenna by lifting the lander at height of about
5 m from the ground surface. The recorded wavelet has a band-
width of 4 GHz. Since we are only interested in the imaging of
the subsurface domain, the DGFs in the above-ground domain
are not calculated for the FRTM method. In contrast, the TRTM
method has to take into account of the above-ground part, be-
cause the FDTD method has to extrapolate the wavefields from
the source point. In TRTM, the PPW of 3-D FDTD computa-
tion is set to be 10 in this case, and the mesh size and the time
step are 4.1 mm and 7.5 ps, respectively. In FRTM, the spatial
sampling step in the subsurface domain is 4 mm in all the three
directions, and there are totally 440 × 220 × 340 grids. The
source and receiver spectra are sampled from 20 MHz to 4 GHz
with a frequency step of 20 MHz.

The 3-D subsurface imaging results obtained by the two RTM
algorithms are shown in Fig. 5(b) and (c). Almost no difference
can be discerned from the reconstructed 3-D images by the
two algorithms. Please note that the imaging resolution in the y
direction is poorer than that in the x direction due to the limited
aperture generated by the only two Vivaldi antennas deployed
in the y direction. The comparison of the computational costs
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Fig. 5. (a) A schematic drawing of the laboratory experiment. Comparison between the 3-D imaging results obtained. (b) By the conventional TRTM. (c) By the
proposed FRTM from a measured MIMO GPR dataset.

TABLE III
COMPARISONS OF THE COMPUTATION CONSUMPTION BETWEEN TRTM AND FRTM FOR THE GPR SYSTEM LABORATORY EXPERIMENT

by TRTM and FRTM is given in Table III. Since the 3-D FDTD
simulation is computation-expensive, the TRTM consumed a
memory of 5.4 GB and a computation time of almost three days.
Since the DFGs can be computed and saved in disk in advance,
the computation time needed for 3-D imaging by the FRTM
algorithm is about 2.96 h, which can meet the requirement of
the Chang-E 5 mission.

V. CONCLUSION

A FRTM algorithm based on the layered medium DFG has
been presented in this paper. Through the results of the two
numerical and the two laboratory experiments, it is concluded
that the FRTM can reconstruct the same subsurface image as
the conventional TRTM based on the FDTD method. The DFGs
of the layered media need to be calculated only once due to its
property of translation-invariance and symmetry in the horizon-
tal plane. Moreover, since DFGs can be computed and saved
in disk in advance, the imaging time required by the FRTM
algorithm can be drastically reduced to less than a magnitude
of two orders, compared with that of the TRTM. The laboratory
experiment conducted using the lunar exploration GPR system
validates that the GPR can produce a 3-D image of the possible
rocks in the lunar regolith beneath the lander within three hours,
which can provide important information for the critical drilling
task of the Chang-E 5 mission of China.

VI. FUTURE REMARKS

The high efficiency of the proposed FRTM algorithm can pro-
mote the wide applications of RTM to field GPR data acquired
for urban utility detection, pavement and concrete structure in-
spection, through-wall imaging, etc. With the development of
the parallel computing algorithm in graphics processing unit,
the FRTM could be able to yield real-time imaging of subsur-
face, and the high resolution and imaging accuracy benefited
from RTM can facilitate the accurate interpretation of real GPR
data in these engineering applications.

While processing air-launched GPR recorded on a platform
of a car or an airplane, the advantage of the FRTM compared
with the TRTM is even more obvious. The reason is that we only
need to compute the DFGs in the interested subsurface domain
and reconstruct the subsurface image. In contrast, the above-
ground air space has to be included in the FDTD simulation for
TRTM and this will drastically increase the computational costs.
A stepped-frequency GPR system records data in the frequency
domain and higher data quality can be achieved from the system
stability, compared with the impulse GPR system [52]. When
the FRTM algorithm is applied to a stepped-frequency GPR
system, there is no need to transform the GPR data into the time
domain and thus the subsurface image is directly produced. The
third advantage of the FTRM is that the material dispersion
caused by the soil moisture can be easily considered in the
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implementation, since variant dielectric properties can be set
at different frequencies and the corresponding DGFs can be
simultaneously evaluated precisely.

In this paper, the actual GPR antenna has been simplified as a
point source at its apparent phase center, and the antenna radia-
tion pattern has not been considered in the FRTM algorithm. It
has been demonstrated that accounting for the antenna radiation
pattern in the migration or tomography algorithm can improve
the subsurface GPR image [53], [54]. In view of the FTRM
algorithm proposed in this paper, one of the feasible methods to
include the antenna radiation pattern effect but without a high
computation cost is to replace the GPR antenna, e.g., Vivaldi
antenna, with a limited number of electromagnetic equivalent
currents that can generate almost the same radiation pattern as
the real antenna [55]. True reflection amplitude that represents
the dielectric contrast and is independent of the antenna is ex-
pected to be obtained. However, this will be left as a future
research work.
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