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Abstract— This letter presents an imaging approach for mul-
tiple input-multiple output ground penetrating radar (MIMO
GPR) systems working in down-looking contactless mode. The
approach exploits a linear approximation of the scattering
phenomenon and is based on a ray-based propagation model,
which takes into account the presence of the air-soil interface.
Accordingly, the interface reflection point (IRP) concept is
extended to the case of MIMO GPR. The proposed approach
performs the imaging in the 2-D scalar case and applies the
truncated singular value decomposition regularization scheme
to perform the inversion. The effectiveness of the approach is
assessed by processing synthetic and real data. The real data are
referred to the lunar soil and have been collected by means of
the Lunar Regolith Penetrating Radar (LRPR), installed on the
Chang’E-5 (CE-5) lander.

Index Terms— Inverse scattering, microwave tomography, mul-
tiple input-multiple output (MIMO) radar, radar imaging.

I. INTRODUCTION

HE ongoing advances in multiple input-multiple output

ground penetrating radar (MIMO GPR) technology affect
subsurface imaging positively. Indeed, a MIMO GPR gathers
a larger amount of useful data compared to a bistatic system
and the increased amount of collected information yields an
improvement in terms of target detection and reconstruction
accuracy. Of course, specific data processing strategies are
required [1]; accordingly, several approaches have been pro-
posed to process data collected by down-looking and forward-
looking MIMO GPR, and their performance has been assessed
by performing numerical simulations or experimental tests,
mainly in controlled conditions [2], [3], [4], [5], [6], [7], [8],
[9], [10].

In this framework, this letter proposes an imaging strategy
for data collected by a down-looking MIMO GPR operating at
a non-negligible distance, in terms of the probing wavelength,
from the air—soil interface.

The imaging approach is formulated as a 2-D scalar inverse
scattering problem, where the imaging plane is defined by
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the straight line along which the antennas are located and
the direction normal to the air—soil interface (depth). The
scattering phenomenon is described by a ray-based model [11]
and the presence of the air—soil interface is accounted for by
exploiting the interface reflection point (IRP) concept, already
presented for a multi-monostatic configuration [11], [12].
In this study, as a novel aspect, the IRP-based inversion
approach is extended to the case of MIMO GPR.

The main advantage of the proposed imaging approach is
the flexibility, which allows its use in the case of an equal
number of transmitting and receiving antennas as well as in
the case of M transmitting antennas and N receiving ones,
with M # N. On the other hand, being based on the 2-D
scalar scattering model, the approach requires that antennas
must be located in the imaging plane.

The reconstruction capabilities of the approach are assessed
by processing synthetic and real data. A virtual experiment was
carried out by using GPRMax [13] to generate scattered field
data and provides a proof of concept of the achievable perfor-
mance. Real data are referred to the lunar subsoil and were
collected by the Lunar Regolith Penetrating Radar (LRPR),
installed at the bottom of the Chang’E-5 (CE-5) lander [14].
These data have been already processed and interpreted in [14]
and the consistency between previously published results [14],
[15] and those herein provided gives proof of the imaging
capabilities of the approach against experimental data.

The letter is organized as follows. Section II describes
the imaging approach. Section III shows the reconstruction
capabilities against synthetic data, while Section IV deals with
the analysis of real data. Conclusions and future perspectives
are given in Section V.

II. CONTACTLESS MIMO GPR IMAGING

Let us consider the reference half-space scenario sketched
in Fig. 1, where the upper half-space is air while the lower
one is soil having a relative permittivity ;. The target has
a relative permittivity &, and resides in the investigation
domain D, which is probed by an array of M transmitting
and N receiving antennas located along a line at a distance
h above the air—soil interface. Specifically, when the pth
antenna transmits, all the N-receiving antennas measure the
backscattered field.

By assuming the linear scattering model in [12], [16],
and [17] and omitting the time factor exp(jwt), the inte-
gral equation (1) defines the frequency domain relationship
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Fig. 1. Reference scenario.

between the scattered field E; and the unknown contrast
x(r) = (&/es) — 1 relating the permittivity of the target to
that of the hosting soil

Er. ). ) = —Jjo\/& // T12T>
ey 2rc p V(R + R)(Rs + Ry)

x exp{—];”((Rl + R) + Ve, (Rs + R4))}

x x(r)dr = L[x]. )]

In (1), Es(ry,rp, w) is the scattered field at the angular
frequency w when the pth antenna at r, = (x,, —h) transmits
the probing wave and the gth antenna atr, = (x4, —h) collects
the backscattered signal. Moreover, ¢ =~ 3e+8 m/s denotes the
electromagnetic wave speed in air; T, and T5; are the air—soil
and soil-air Fresnel’s transmission coefficients

r 2cos(6;”)
2 cos(67) + /€ cos(6/)
2/e cos(0)
Ve cos(07) + cos(6)

R1—R4 identify the length of the ray path (see Fig. 1)

I =

2)

R3= #, and R4:

cos(6]) ©)

cos(6])

L:L*(D) — LT x Q) is the linear operator mapping
the unknown in D into the data space L*(I" x ), where
I' accounts for the MIMO measurement setup and Q €
[@min, Wmax] 1S the working angular frequency range.

The transmission coefficients as well as the ray paths depend
on the incidence angles (67, 67) and the transmission ones
67, 6. These angles depend on the position of IRP; and
IRP;, which are determined by solving two non-linear equa-
tions, for each transmitting/receiving antenna pair and each
point r(x, z) in D. Specifically, by resorting to the considera-
tions made in [16] for the multi-monostatic configuration and
according to the second Snell’s law, the angles (97, 6/"7) are
related to each other as

sin (6/”) = Ve,sin(6/) and /e sin(6]) =sin(67) (4
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Fig. 2. Virtual experiment—reference scenario.

and the following two equations are solved with respect to the
unknown angles (67, 6;'), taking values in the range [0, 77 /2]:

P
lx — x,| = htan(67) + _zsin@) 5)
\/€ — sin? (Glp)
v — x| =htan(9,‘1)+ﬂ ©)

€, — sin (9,")

Once all the quantities defining the kernel of (1) have been
determined, (1) is discretized by using the method of moments
and the discretized inverse problem is solved by means of the
truncated singular value decomposition (TSVD) regularization
method [12], [17]. Therefore, the reconstructed contrast vector
is given by

N;
5 Z (Esuy) 7
n=1
where (,) is the inner product in the data space, o, is the
nth singular value of the matrix L discretizing the operator
L, and u, and v, are its right and left singular vectors,
respectively. The regularization parameter N; is the number
of the considered singular values and it is fixed as a trade-
off between the resolution and stability of the solution. The
modulus of the regularized contrast vector x in (7) defines
a spatial map referred to as a tomographic image of the
domain D.

IIT. NUMERICAL ASSESSMENT

This section provides a proof of concept of the effectiveness
of the imaging approach against virtual data, generated by
using GPRMax and referred to the scenario sketched in Fig. 2.

The MIMO array is 1.56 m long and composed of M =
N = 14 Tx/Rx antennas, which are 12 cm evenly spaced and
located at a height of 0.87 m above the air—soil interface. The
antennas operate at the center frequency of 2 GHz and probe a
regolith soil medium (&, = 2.5 and o, = le —4 S/m) wherein
a granite (&, = 5.45 and o, = 2.3¢ — 8 S/m) rock of size 30 x
10 cm and a circular cavity of radius 15 cm are buried. The raw
data have been simulated by using as a probing signal a Ricker
pulse with a central frequency of 2 GHz. For each transmitting
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Fig. 3. Virtual experiment—radargram referred to the transmitting antenna
atx =0 m and z = —0.87 m.

antenna, the radar signal is collected at N = 14 measurement
points. The raw radargram referred to the transmitting antenna
at x = 0 m and z = —0.87 m is illustrated in Fig. 3.

All collected radargrams have been processed in time
domain (TD) by setting the time zero at 0.51 ns and applying
a time gating [18] at 7z, = 10 ns in order to filter the direct
antenna coupling and reflection from the air—soil interface.
Then, TD data have been transformed into the frequency
domain. By observing the data spectrum, the useful frequency
range has been set from 1500 up to 2500 MHz. This frequency
interval has been sampled with a 50 MHz step. The TSVD
regularization parameter Nt has been set in order to filter out
all the singular values whose amplitude is 20 dB lower than
the maximum one.

Fig. 4 displays the tomographic image as normalized to
its maximum value and the dashed white line represents the
simulated targets. Fig. 4 assesses the imaging capabilities of
the proposed approach since an accurate localization of both
targets is achieved. Specifically, the position of the upper edge
of the targets is exactly localized, while the lower ones are
shifted upward (cavity) or downward (rock) as expected being
the signal propagation velocity into the targets different from
that assumed in the inversion model (electromagnetic velocity
in the soil) [19].

IV. EXPERIMENTAL ASSESSMENT

This section deals with the results referred to the data
gathered by the LRPR installed at the bottom of the CE-5
lander. CE-5 probe was launched successfully on 24 November
2020 and landed at the north Oceanus Procellarum. It returned
1731 g of both lunar surface and subsurface regolith by
scooping and drilling. CE-5 lander carried an LRPR, which
is the first ultra wide band (UWB) MIMO GPR deployed for
planetary exploration. CE-5 successfully guided the sample
drilling process and revealed the interior structure of the local
regolith of ejecta deposit in the degraded Xu Guangqi crater
with a diameter of ~463 m and a distance of ~400 m.
The LRPR conducted seven GPR measurements, including
three background measurements, one pre-drilling observa-
tion, and three post-drilling observations. The background
measurements were taken in free space, 200 km above
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Fig. 4. Virtual experiment—tomographic image as normalized to its
maximum amplitude.

the lunar surface, and are not taken into account in this
study. Pre- and post-drilling data here considered have been
already processed and interpreted by using a migration
approach [14], [15].

The LPRR operates in the 1-3 GHz band and exploits an
array of 12 Vivaldi antennas covering the CE-5 drilling area.
Antennas numbered from 1 to 10 are located in a line alongside
the drilling pipe at height ~ = 0.877 m from the air—soil
interface. The distance between two nearby antennas is 12 cm,
except between antenna 7 and antenna 8, whose distance is
60 cm. The other two antennas (i.e., antennas 11 and 12) are
mounted separately. The reader can refer to [14] for a detailed
description of LRPR and its working parameters.

The LRPR pre-drilling (Pre) dataset and the three post-
drilling ones (Post1-Post3) are herein considered. Specifically,
MIMO data referred to the antennas numbered from 1 to
10 are processed, whereas those referred to antennas 11 and
12 are neglected, being these antennas outside the vertical
plane wherein the imaging problem is formulated.

The proposed imaging strategy exploits the scattered field
data in the frequency domain; therefore, TD data are trans-
formed by means of the fast Fourier transform (FFT) algorithm
by taking into account the effective frequency range of the
data, which is selected by observing the behavior of data
spectrum on a logarithmic scale.

Herein, the considered TD data are the result of a pre-
processing stage, which includes sample time calibration,
bandpass filtering, cable delay correction, and background
removal; the pre-processing steps have been described in detail
in [14]. Furthermore, the time gating procedure is applied
in order to reduce the signal contribution due to the air—soil
interface.

Fig. 5 shows the normalized average data spectrum of the
four considered datasets and it turns out that the effective
frequency band of the pre-processed data goes from fii, =
730 MHz to fnax = 2.35 GHz. Note that 73 evenly spaced
frequencies have been considered in this range. Before trans-
forming the data in the frequency domain, the energy loss
occurring due to the geometric spreading associated with the
propagation into the soil has been compensated by applying
a gain function. This operation is done by multiplying the
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Fig. 5. Average data spectrum: red solid line—pre-drilling data; blue dotted
line—post-drilling 1 data; black dashed-dotted line—post-drilling 2 data; and
green dashed line—post-drilling 3 data.
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Fig. 6. Real experiment—tomographic images each one as normalized to its
maximum amplitude, datasets (a) pre, (b) post 1, (c) post 2, and (d) post 3.

pre-processed data by the following function:

2
t c
g(t)=a(2@> (3
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Fig. 7. Real experiment—tomographic images. (a) Pre-drilling and (b) post—
drilling (multiplication of images).

where « is a scaling coefficient expressed in m~2 so that g(¢)
is an a-dimensional function. In (8) ¢ is the travel time and
&, is the average relative permittivity of the lunar soil, whose
value is set at 2.48 according to the analysis in [14]. It should
be stressed that the quadratic function defined by (8) may
attenuate very shallow targets. However, such a function was
chosen to attenuate the residual clutter due to the reflection
from the air-soil interface, which was not entirely removed
by the previous preprocessing steps.

Fig. 6(a)—(d) shows the tomographic images referred to the
four considered datasets achieved by considering the parameter
N; in the TSVD inversion (7) in such a way as to filter out
all the singular values whose amplitude is 15 dB lower than
the maximum one. Note that each image is normalized with
respect to its maximum value.

Fig. 7 shows the comparison of the tomographic images
before [see Fig. 7(a)] and after [see Fig. 7(b)] drilling. Note
that Fig. 7(a) is the same as that of Fig. 6(a) but its color scale
has been changed in order to emphasize the stronger scatterers.
Conversely, Fig. 7(b) has been achieved by multiplying the
results (images) in Fig. 6(b)—(d) and computing the cubic
root. This is a simple way of combining tomographic images
referred to the same scenario, i.e., the probed lunar soil after
the drilling and accounting for the common reconstructed
anomalies.

The pre- and post-drilling images in Fig. 6 and their
corresponding combination in Fig. 7 reveal that the position
of some scatterers in the subsoil is varied probably because a
single or a cluster of dense fragments might have been crushed.
This result is coherent with those reported in [14] and [15].

V. CONCLUSION AND FUTURE PERSPECTIVES

MIMO radar technology improves the effectiveness of GPR
surveys in terms of target reconstruction accuracy but also
requires specific approaches capable of accounting for the new
kind and increased amount of data. In this frame, a microwave
tomographic approach designed to process MIMO data col-
lected by means of an arbitrary contactless GPR system made
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up of M transmitting antennas and N receiving ones has  [6]
been proposed. The approach faces the imaging as an inverse
scattering problem and exploits a ray-based model of the
scattering phenomenon. Specifically, the approach extends the  [7]
IRP concept previously introduced for monostatic GPR to
MIMO GPR.

Results referred to both simulated and experimental data g
corroborate the reconstruction capabilities in terms of accurate
localization of the targets.

The analysis of the spatial resolution limits, how they g
depend on the number of transmitting and receiving antennas,
and the improvements with respect to a multi-monostatic mea-
surement configuration are under investigation and will be the [,
subject of future work. The extension of the MIMO approach
to the 3-D case will be also considered by generalizing the

results recently published in [20]. .
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