
Citation: Wu, K.; Desesquelles, H.;

Cockenpot, R.; Guyard, L.; Cuisiniez,

V.; Lambot, S. Ground-Penetrating

Radar Full-Wave Inversion for Soil

Moisture Mapping in Trench-Hill

Potato Fields for Precise Irrigation.

Remote Sens. 2022, 14, 6046. https://

doi.org/10.3390/rs14236046

Academic Editors: Mercedes Solla,

Federico Lombardi and Frank Podd

Received: 18 October 2022

Accepted: 21 November 2022

Published: 29 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

remote sensing  

Article

Ground-Penetrating Radar Full-Wave Inversion for Soil
Moisture Mapping in Trench-Hill Potato Fields for
Precise Irrigation
Kaijun Wu 1,*, Henri Desesquelles 2, Rodolphe Cockenpot 2, Léon Guyard 2, Victor Cuisiniez 2

and Sébastien Lambot 1

1 Earth and Life Institute, Université Catholique de Louvain, 1348 Louvain-la-Neuve, Belgium
2 Osiris Agriculture, 59480 Illies, France
* Correspondence: kaijun.wu@uclouvain.be

Abstract: In this paper, we analysed the effect of trench-hill soil surface on ground-penetrating radar
(GPR) full-wave inversion for soil moisture measurement. We conducted numerical experiments
by modelling the trench-hill surface using finite-difference time–domain (FDTD) simulations. The
FDTD simulations were carried out with the open-source software gprMax, using different centre
frequencies, namely, 150 MHz, 250 MHz and 450 MHz. The gprMax source/receiver for each centre
frequency was calibrated, respectively, to transform the FDTD radar signal to normalized Green’s
functions for wave propagation in multilayered media. The radar signals and inversion results of the
three different frequency ranges are compared. The FDTD Green’s functions of the trench-hill surface
with a flat surface are also compared. The results show that the trench-hill surface only slightly
affects the inversion when frequency is lower than 190 MHz, which agrees with Rayleigh’s criterion.
Field measurements were performed as well, using a prototype radar mounted on an irrigation
robot. The low-frequency antenna was calibrated over a large water plane. The optimal operating
frequency range was set to 130–190 MHz. TDR measurements were performed as well for comparison.
The results demonstrated promising perspectives for automated and real-time determination of the
root–zone soil moisture in potato fields, and thereby for precise and automatic irrigation.

Keywords: ground-penetrating radar; GPR; dielectric permittivity; soil moisture; full-wave inversion;
potato crop; trench-hill surface

1. Introduction

For potato crop, a hilling planting approach is commonly used to increase both yield
and quality as it improves fertilizer and water use efficiency, protects plants from frost,
etc. [1–3]. In addition, it is well recognized that keeping high soil moisture (e.g., above 50%
available moisture) is also necessary [4,5]. Moisture measurement for hill shape soil is
therefore an important need in agriculture, especially when considering the evolution of
regulations on water use.

Various methods have been developed for soil surface water content observation,
including ground, proximal, and remote sensing. Ground-based sensors such as time-
domain reflectometry (TDR) and capacitive sensors are invasive and only provide local
measurements that do not capture the inherent field variability. Satellite sensing is used for
large- and global-scale observations and provides only shallow soil information (<5 cm) [6].

GPR has been considered for soil moisture measurement for more than three
decades [7–10]. Recent reviews are given [11–13]. Most GPR data processing techniques
used for soil moisture retrieval have been based on the straight-ray or one-dimensional
wave propagation approximation. The soil dielectric permittivity is retrieved from either
the soil surface reflexion coefficient or the propagation velocity derived from the propa-
gation time along the considered propagation path. For instance, the common midpoint
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(CMP) and wide angle reflexion and refraction (WARR) provide electromagnetic (EM)
wave velocity information [8,9,14–16]. The average envelope amplitude (AEA) method
or early-time signal analysis focuses on changes of the first arrival signals in terms of
amplitude, shape and duration, resulting from variations of soil properties such as dielec-
tric permittivity and electrical conductivity [17–21]. The full-wave inversion method has
been widely considered to be promising since it is conducted by minimizing the misfit
between observed and modelled data. Full-wave modelling and inversion methods with
different hypotheses or resolution methods have also been proposed for soil dielectric
permittivity retrieval. With the finite-difference time-domain (FDTD) method, the full-
wave inversion method has been applied to the multi-offset or crosshole GPR data [22–24].
However, with these methods, the EM source and antennas are not accounted for. Al-
though these methods are relatively simple to implement and have demonstrated their
potential, they suffer from inherent estimation errors originating from the underlying
simplifying model assumptions and, moreover, they are quite cumbersome to apply in
real application contexts. They are also difficult to automatize and, therefore, they require
some user expertise. As a result, their application has mostly remained in the scientific
community. Frequency-domain GPR can be operated with a single antenna acting as the
transmitter and receiver at the same time, which makes the radar system and measurement
configuration much simpler. In 2004, Lambot et al. introduced a far-field full-wave radar
equation accounting for the radar source, antennas, antenna–medium interactions and
three-dimensional wave propagation in planar layered media using Green’s functions [25].
Once the radar is calibrated, i.e., the antenna characteristic functions have been determined,
soil dielectric permittivity and correlated moisture can be automatically retrieved using
full-wave inversion, namely, by fitting the radar model to the measured data. The model
was later generalized to near-field conditions [26]. The model was successfully applied in a
series of hydrogeophysical applications [27–30], including high-resolution soil moisture
mapping [31] and, more recently, drone-borne GPR [32].

In the remote sensing community or others, scattering by rough surfaces has been
investigated for decades. Empirical and physical models can be applied to determine the
wind speed and direction which causes ring-waves over the water surface. EM scattering
can be included in Maxwell’s equations to be determined, and there are various methods
to solve it, e.g., the separation of variables method, the FDTD, the finite element method
(FEM) and Green’s function formulation, etc. [33–35]. Scattering from periodic surfaces was
proposed to be addressed by applying boundary conditions [36,37]. Craeye et al. analysed
and observed scattering rain- and wind-roughened water surface using video camera and
very high frequency radar with specific pointing, e.g., 13.5 GHz and 30◦ [38,39]. Plenty
of studies have been performed to model the layered rough medium surface scattering.
Lemaire et al. analysed ring-wave spectra to give the model for radar response simulation
and inversion [40]. It is necessary to take into account the surface roughness in remote
or proximal sensing data, as it would be affected by diffuse scattering in addition to the
specular scattering. Most of the studies considered the soil roughness in the forward
and inverse models. For off-ground radar and remote sensing measurements, surface
roughness is usually mathematically assumed to be stationary with random Gaussian
height distribution, and described by the mean, variance, correlation length of the surface
height, etc. [41–46]. Jonard et al. considered random rough layers based on the scalar
Kirchhoff-tangent plane approximation model and developed a closed-form asymptotic
EM model [47]. There are two ways to keep the inversion results as accurate as possible:
(1) Accounting for the soil surface roughness as pre-estimated information in the inverse
model, but it makes inversion more complex and may lead to non-uniqueness inversion
issues, especially in real-field conditions, and (2) using the right frequency range in the
inversion process, which allows for neglecting the roughness effects [44]. In addition,
according to Rayleigh’s criterion, the roughness amplitude should be smaller than one-
eighth of the minimal wavelength. However, those simulations are for small and random
protuberances, but for the potato crop, the soil is regularly shaped with the protuberance
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around 0.2 m. There is still a need to investigate its feasibility, and also to find out the
proper operating frequencies.

As a first approximation, neglecting vertical variability in the medium, the hilling
system for the potato crop can be seen as a semi-infinite homogeneous medium with a
very rough, structured surface. On this consideration, the objective then goes back to the
investigation of the effect of soil roughness on moisture measurement. In this paper, we
conducted numerical experiments and field measurements to investigate the effect of the
potato hilling system on the full-wave inversion method for soil moisture measurements.
The numerical experiments were conducted using the FDTD simulations carried out with
the open-source software gprMax of Giannopoulos [48] and Warren et al. [49], which
modelled the 3D hill-shape soil. In addition, 2D simulations were conducted as well to
observe the EM wave propagation. The centre frequencies were set to 150, 250 and 450 MHz,
respectively. For the numerical data pre-processing, a radar equation originating from
the one proposed by Lambot et al. [25,26] was applied to calculate the transfer functions
of the gprMax Hertzian dipole antenna, or the source/receiver, which was then used to
transform the FDTD radar signal to the multilayered Green’s functions. We compared
the radar signals of the three centre frequencies, and compared the Green’s functions of
the trench-hill and flat surface. We also investigated the effects of the trench-hill structure
on the full-wave inversion results for the different frequency ranges. Finally, a radar
system operating in the less affected range was used in real field conditions to measure
soil moisture, within the frame of the EU agROBOfood MIRAGE project. For the field
measurement, we used a log-periodic antenna and calibrated it over a large river. TDR
measurements were also conducted for comparison.

2. Methodology
2.1. Full-Wave Inversion to Retrieve Soil Moisture

The radar system used in this study is based on vector network analyser (VNA) tech-
nology combined with a monostatic log-periodic antenna. Hence, a radar measurement
consists of the frequency-dependent, complex-valued S11(ω) quantity, representing the
ratio between the received signal and the transmitted signal, ω being the angular frequency.
The radar measurements are described using the radar equation of Lambot et al. [25], Lam-
bot and André [26], which accounts for the radar-antenna system and wave propagation in
three-dimensional planar multilayered media. For far-field conditions, the radar equation
is expressed as follows:

S11(ω) =
B(ω)

A(ω)
= Ri(ω) +

T(ω)Gxx(ω)

1− Gxx(ω)Rs(ω)
(1)

where A(ω) and B(ω) are the received and emitted signals at the VNA reference plane, re-
spectively. Gxx(ω) is the Green’s function defined as the x-component of the backscattered
electric field for a unit, x-directed electric source for wave propagation in 3D planar layered
media [25,50,51]. Ri(ω) is the global reflexion coefficient of the antenna for fields incident
from the radar reference plane onto the source point. T(ω) is the antenna transmitting-
receiving response function. Rs(ω) is the global reflexion coefficient of the antenna for
fields incident from the antenna phase centre (backscattered field) onto the radar reference
plane. For the same antenna setup, the calibration is needed only once, i.e., the determina-
tion of the antenna characteristic functions Ri, T, and Rs. The calibration was conducted
through several measurements over a known reference plane, and solving a matrix equa-
tion as expressed from Equation (1). The reference plane should be large enough for a
given antenna and operating frequency range (e.g., ideally larger than 5–10 times the
maximal wavelength).

The inverse problem is defined using the least-squares formulation. Inversion is
conducted in the time-domain, and the objective function is expressed as:

φ(b) = (g∗xx(t)− gxx(b, t))ᵀ(g∗xx(t)− gxx(b, t)) (2)
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where g∗xx(t) and gxx(b, t) are, respectively, the measured (or simulated) and modelled
Green’s function vectors, and obtained by inverse Fourier transform of Gxx(ω), so t denotes
time. Performing inversion in the time domain allows for focusing on a time window,
e.g., corresponding to the surface reflection only. Later reflexions can then be disregarded
and the subsurface model thereby approximates better to a half-space medium. b is the
parameter vector [h, εr], where h is the distance between the antenna phase centre and the
medium surface, and εr is the relative permittivity of the medium. A look-up table (LUT)
is used for robust and fast inversion. Indeed, as there are two unknowns only, the objective
function can be calculated in the full parameter space and finding the minimum becomes
therefore straightforward. The LUT includes the gxx(b, t) for the whole parameter space.

In this study, we used the petrophysical relation of Topp [52] to estimate the volumetric
soil moisture θ from the GPR-derived dielectric permittivity εr:

θ = −5.3× 10−2 + 2.92× 10−2εr − 5.5× 10−4ε2
r + 4.3× 10−6ε3

r (3)

2.2. FDTD Numerical Simulation and Calibration

We used gprMax3D to model the trench-hill soil surface. GprMax is an open-source
software that simulates EM wave propagation, solving Maxwell’s equations with the FDTD
method and Yee’s algorithm [49,53].

For the inversion, the FDTD simulated data needed to be transformed into multilay-
ered media Green’s functions as in Equation (1). We define a(t) as the gprMax electric source
signal in the time domain and b(t) as the simulated backscattered electric field, respec-
tively. A(ω) and B(ω) are their frequency–domain counterparts. Therefore, Equation (1)
becomes [47]:

B(ω) = Hi(ω) + H(ω)Gxx(ω) (4)

where Hi(ω) = A(ω)Ri(ω) and H(ω) = A(ω)T(ω). In gprMax, the antenna reduces to
point sources and receivers, so Rs(ω) = 0. Indeed, in that case, there is no physical antenna
described and, hence, no variation of impedance within the antenna (the antenna does
not act as a reflector). Hi(ω) represents the direct transmission between the transmitter
and the receiver, and H(ω) permits field normalization, including deconvolution of the
source waveform.

To calculate Hi(ω) and H(ω) (i.e., to calibrate the virtual antenna), simulations with
two configurations are needed using gprMax. A source/receiver situates at the free space,
where Gxx = 0, so Hi(ω) = B(ω). Then, another configuration involves the source/receiver
to be situated over a perfect electrical conductor (PEC). Electrical properties of the PEC are
known for the Green’s function Gxx(ω), from which H(ω) is calculated. Once Hi(ω) and
H(ω) are known, the FDTD Green’s function is obtained in the frequency domain as:

Gxx(ω) =
B(ω)− Hi(ω)

H(ω)
(5)

3. Numerical Experiments

The soil surface geometrical model is shown in Figure 1. The simulations were
conducted in 3D and 2D with different centre frequencies. The 3D model was carried
out for data inversion, and the 2D is to observe the EM wave propagation. The mound
dimensions (in Figure 1b) for the simulations are typical values for potato crops [54,55].
We do not consider the effect of crops in this study as during all the growing periods, and
the height and coverage density of the crops can be neglected [56,57].
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(a)

(b)

Figure 1. Potato trench-hill soil simulation model in gprMax. (a) the 3D model and (b) the 2D slice
and configurations. Configuration i, the source/receiver moved and measured from point A to B
with a step of 0.02 m, resulting in 50 measurements for each centre frequency (150 MHz, 250 MHz and
450 MHz). The soil relative permittivity stays the same, i.e., εr = 10. For configuration ii, the 150 MHz
centre frequency source/receiver is situated above the centre of the top (point C), slope (point D) and
bottom (point E) of the trench-hill surface, respectively, and εr varies from 5 to 22 with a step of 1.
h is the distance between the source/receiver and the top of the surface. All measurements were
conducted with the source/receiver at the same height, i.e., h = 1.78 m when the source/receiver
above the top and h = 2 m when above the bottom.

We considered two configurations in the numerical experiments. In configuration
i, the relative permittivity εr of the soil was set to 10, and the distance h between the
source/receiver and the top of the surface was set to 1.78 m. This height was chosen as a
realistic far-field antenna configuration for real field applications considering the lowest
frequency range. Three sources with different centre frequencies were used, respectively,
i.e., 150 MHz, 250 MHz and 450 MHz. The source/receiver, namely, the virtual antenna,
moved from point A to B as in Figure 1b, thereby covering a full surface period, with a
step of 0.02 m, resulting in 50 measurements for each centre frequency. To avoid the
boundary noise problem in the FDTD model, the domain sizes were set relatively large
as 14× 13× 14 m, 10× 6× 10 m and 6× 5× 6 m, for the simulations with the centre
frequencies of 150 MHz, 250 MHz and 450 MHz, respectively. All the measurements were
collected at the centre of the domain. To keep a reasonable physical phase–velocity error,
the spatial discretisations of the simulation domain were set to 0.02 m, 0.02 m and 0.01 m,
respectively. In configuration ii, εr varied from 5 to 22, representing a realistic range of
possible soil moisture as encountered in agricultural fields. One source/receiver with centre
frequency of 150 MHz was used, and measurements were performed at three positions
(the top, slope and bottom of the soil surface). The source/receiver is situated at the same
height as in configuration i, i.e., 1.78 m above the top of the surface.

3.1. Configuration 1: 3 Sources with Different Centre Frequencies

In this configuration, there are 50 measurements for each centre frequency, i.e., 150 MHz,
250 MHz and 450 MHz. For the source/receiver of each centre frequency, the corresponding
virtual antenna transfer functions Hi(ω) and H(ω) were used to obtain the corresponding
FDTD Green’s functions. The calibrations and calculations of the Green’s functions were
all conducted within the frequency range 80–600 MHz. To keep a good signal-to-noise ratio
(SNR) with respect to FDTD numerical errors for the imaging and inversion, we considered
only the frequency ranges that were not far from the operating centre frequencies, i.e.,
100–200 MHz for the centre frequency of 150 MHz, 200–300 MHz for the centre frequency
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of 250 MHz, and 400–500 MHz for the centre frequency of 450 MHz. For the inversions,
the parameter vectors were defined as h = [1 3] m with intervals of 0.01 m and εr = [2 25]
with intervals of 0.5, resulting in 9447 parameter pairs and 9447 corresponding Green’s
functions building the LUT for each frequency range.

Figure 2 presents the FDTD Green’s functions and the inversion results for the three
frequency ranges. From Figure 2a, the reflections with the frequency range 100–200 MHz
seem constant, as well as the inversion results for εr and h. We do not observe any significant
difference between the top, hill and bottom. However, εr was sightly underestimated (the
estimated εr ranges from about 7.5 to 8, but the true value is 10). Estimated h is also
constant at around 1.84 m, which is between the minimal and maximal of the true value
range (1.78 m and 2 m). With the operating frequency range increasing, the effect of
the trench-hill structure becomes well visible. Accordingly, the inversion results become
subject to significant errors. In particular, when the frequency range is 400–500 MHz
(Figure 2c), destructive and constructive interferences occur, which results, respectively,
in under- and over-estimations of the relative permittivity. We also present the magnitude
of the electric field in Figure 3. It was obtained with gprMax 2D, using the three centre
frequencies 150 MHz, 250 MHz and 450 MHz. The virtual antenna was situated above
the centre of the top (Figure 3a–c) and above the centre of the bottom (Figure 3d–f) of the
central trench-hill period of the geometry. We present the propagation time for which
the receiver receives the peak of the signal, which is seen as the reflection of the soil
surface. Please note that the peaks do not correspond to the FDTD Green’s function in
Figure 2 but to b(t) − hi(t) where hi(t) is Hi(ω) in the time domain. When the centre
frequency is 150 MHz, the electric field, in terms of arrival time and amplitude, seems only
slightly affected when the source/receiver is situated at different positions. With the centre
frequency increasing, the difference becomes significant. The 450 MHz centre frequency
produces higher magnitude especially when the source/receiver was situated above the
top (Figure 3c).

(a) (b) (c)

Figure 2. FDTD Green’s functions and inversion results with centre frequency (a) 150 MHz, (b)
250 MHz, and (c) 450 MHz. True εr = 10, hmin = 1.78 m, and hmax = 2.00 m.
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(a) (b) (c)

(d) (e) (f)

Figure 3. Intensity of the electric field for the three centre frequencies (150 MHz, 250 MHz and
450 MHz) and two configurations (source/receiver situated above the centre of the top (a–c) and the
bottom (d–f). The propagation times as subcaptions were chosen from the peak of signals. Please
note that the peaks do not correspond to the FDTD Green’s function in Figure 2 but to b(t)− hi(t).

To learn more about the effect of the trench-hill surface on the surface reflection, we
compared the frequency–domain Green’s functions of trench-hill with those for the flat
surface. We also compared the Green’s functions of the flat surface obtained by the analyti-
cal solution and gprMax. Two virtual antenna positions were considered. For Figure 4a,
the source/receiver was above the centre of the top, so the flat surface reflection was
obtained with h = 1.78 m, and εr = 10. For Figure 4b, the source/receiver was above the
centre of the bottom, hence h = 2 m, and εr = 10. A combination of different frequency
ranges was carried out for all the FDTD Green’s functions to cover the full 80–600 MHz
bandwidth of analysis. The combination is necessary because it helps to keep the valuable
information (high SNR) for each centre frequency, i.e., 80–200 MHz for centre frequency
150 MHz, 200–350 MHz for 250 MHz and 350–600 MHz for 450 MHz, with a step of 10 MHz.

From Figure 4, we firstly observe the good agreement between both analytical and
FDTD Green’s functions for the flat surface, as for the homogenous half-space, the frequency–
domain Green’s function amplitude in linearly increasing with frequency. The FDTD
Green’s functions (for both trench-hill and flat surfaces) are well continuous between the
three centre frequency simulations. The trench-hill surface curves follow well the flat sur-
face curves below about 190 MHz, although the amplitude is slightly lower. It corresponds
to the inversion results shown in Figure 2a, where εr is indeed underestimated. The slight
phase shift observed between 80 and 100 MHz is due to the fact that the effective observed
reflection occurs between the top and the bottom of the trench-hill surface. In Figure 4a,
the shift is to the left because the effective value is larger than 1.78 m. In Figure 4b, the shift
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of the blue curve is to the right because the effective value is smaller than 2.00 m. The wave-
length decreasing with increasing frequency, the shift becomes larger. When the frequency
is higher than 190 MHz, the Green’s function for the trench-hill surface and the flat surface
start to be rapidly quite different. The behaviour is also different when the antenna is above
the trench or the hill. It is concluded that the trench-hill surface does not significantly affect
the inversion when the frequency is lower than 190 MHz. This conclusion agrees with the
soil roughness analysis conducted by Lambot et al. [44] and Rayleigh’s criterion, namely,
the radar signal is not affected by the soil roughness if the protuberances are smaller than
one eighth the wavelength. In our case, the protuberance is 0.22 m, corresponding to
an acceptable highest frequency around 170 MHz. Obviously, considering even lower
frequencies would be even more advantageous regarding trench-hill effects on the surface
reflection, but in that case, the effect of the soil electrical conductivity would then become
significant, making the inverse problem ill-posed [58].

(a) (b)

Figure 4. Simulated trench-hill and flat surface Green’s functions by gprMax, and analytical Green’s
function for the flat surface in the frequency domain. (a) The source/receiver was situated above the
central hill of the trench-hill surface. For the relevant flat surface Green’s function (the green dash
line), the distance between the source/receiver and the surface h was 1.78 m. (b) The source/receiver
was situated above the trench of the trench-hill surface, and the corresponding flat surface was with
h defined as 2 m.

3.2. Configuration 2: 150 MHz Source over the Soil Surface with Different Positions and
Soil Properties

Given the results above, we conducted numerical simulations with the virtual an-
tenna located above the centre of the top, slope and bottom of the trench-hill structure,
respectively, shown as point C, point D and point E in Figure 1b. The centre frequency was
150 MHz. εr ranged from 5 to 22 with a step of 1. The frequency range is 100–190 MHz
for the inversion. The result is presented in Figure 5. The estimated relative permittivity
values are lower than the true values, but linearly increase with the true values increas-
ing. The measurements over the top of the hill contain less errors compared to the two
other positions (the green square markers). Nevertheless, the linear structure of the error
enables the use of a linear correction function to project the inversely estimated permit-
tivity to the true ones. For the source/receiver above the hill configuration, we found the
following relationship:

εr,true = 0.85× εr,estimated − 0.58. (6)
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Figure 5. Inversion results for Configuration ii, with the source/receiver situated above the hill, slope
and the trench, respectively.

4. Field Experiments
4.1. Ground-Penetrating Radar

The radar system consists of a lightweight vector network analyser (Planar R60,
Copper Mountain Technologies, Indianapolis, IN, USA), an Intel computer stick, a power
bank and a smartphone. An ultrawide band log-periodic antenna (model VULP 9118 C,
Schwarzbeck Mess-Elektronik, Schönau, Germany) was used as a transmitter and receiver.
The radar prototype was set up in the frame of the EU agROBOfood MIRAGE project.
The measurements and full-wave inversions were performed in real-time using a prototype
of the gprSense software (Sensar Consulting, Chaumont-Gistoux, Belgium). The radar
measurements were performed in the 130–190 MHz frequency range. The higher frequency
was chosen to minimize trench-hill effects and the lower cut off frequency was chosen to
maximize SNR (see antenna calibration results below), minimize soil electrical conductivity
effects and ensure a reasonable size for the field set up. In particular, the lower the frequency,
the larger the distance between the radar and the support to avoid interferences.

Given the operating frequencies and the requirement of a calibrating surface larger
than 5–10 times the largest wavelength, we calibrated the antenna over a river. Indeed, for a
frequency of 100 MHz, the free-space wavelength is 3 m and, hence, the calibrating surface
should be larger than 15–30 m. Using a perfect electrical conductor such as a copper plane
of that size would require expensive infrastructures. For the calibration, an 8 m long rope
was used to hang the antenna over the water surface from a high bridge to avoid unwanted
reflections from the bridge structure (shown in Figure 6). In that respect, the high-directivity
of the log-periodic antenna is particularly suitable (relatively small back lobes). Several
measurements were performed with different distances between the antenna and the water
surface. The antenna characteristic functions are presented in Figure 7. The functions
were determined in the range 80–1000 MHz. The grey bar indicates the frequency range
130–190 MHz. Within this frequency range, the magnitude of return loss Ri is lower than
0.168 (VSWR < 1.4), and feedback loss Rs is accordingly also relatively low. The antenna
can be qualified as excellent in that frequency range. The transmitting-receiving response
T is relatively high, corresponding to a high antenna gain [59].
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Figure 6. Radar system with a log-periodic antenna held at several distances from a water plane
to determine the antenna characteristic functions Ri(ω), T(ω), and Rs(ω) (antenna calibration).
The radar measurements were performed in the 80–1000 MHz frequency range.

(a) (b)

(c)

Figure 7. Magnitude and phase of the antenna characteristic functions. (a) the return loss Ri,
(b) transmitting-receiving response T and (c) feedback loss Rs. The grey bar indicates the frequency
range 130–190 MHz used for the field experiment.
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The radar prototype was set up on the prototype of a new irrigation robot (named
Oscar), which is also developed in the frame of the EU MIRAGE project (Osiris Agriculture,
Illies, France). Oscar is able to irrigate the field with a speed between 0.3 km/h and
1 km/h, spreading water 20 h per day and 15-m wide without any need from human
action. In particular, it uses water energy to generate its own electricity to power all
its equipment. The radar was mounted on Oscar through a plastic support, which was
specifically designed for the application. The radar was fixed at about 3 m in front of the
robot and was positioned above the central hill (see Figure 8). Oscar navigates through a
differential GPS with a horizontal positioning error lower than 3 cm. In that way, it can
handle automatically a localization error lower than 3 cm for every types of field, to handle
automatically the water supply pipe and to module water doses on a per nozzle basis.
The precise irrigation is expected to be achieved by real-time soil moisture measurement.
The irrigation robot Oscar is designed to irrigate automatically when the soil moisture
value is relatively low. The field measurements were conducted on 9 August 2022, over a
potato field in the Vallée Jean Réaux Sains-Morainvillers, France.

Figure 8. The radar prototype was set up on the irrigation robot Oscar (Osiris Agriculture, France).

4.2. Time–Domain Reflectometry

For comparison, we did TDR measurements using the TEROS 12 sensor (meter group,
Pullman, WA, USA). It measures soil moisture, temperature and electrical conductivity
with three stainless steel needles. The length of each needle is 5.5 cm. The distance between
the two needles for soil moisture is only 3 cm. It measures the dielectric permittivity of
the surrounding medium using an EM field. A 70-MHz oscillating wave is supplied to the
sensor needles. The TEROS 12 microprocessor measures the charge time and outputs a raw
value based on the substrate dielectric permittivity. Then, the raw value is transformed
into relative dielectric permittivity εr, which hereby is used to calculate volumetric water
content through Topp’s equation as Equation (3).

The TDR measurement was conducted following two of the GPR acquisition lines (a
short profile length: 25 m, shown as area B in Figure 9a, and a long profile length: 540 m,
shown as area A in Figure 9a). The short soil profile was subject to irrigation the day before
and, hence, was relatively wet. The second profile (area A) did not receive any irrigation.
For the short profile, the TDR measurements were conducted around every 3 m along
the profile, and we averaged two successive values. We averaged GPR measurements of
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every 6.5 m successive values to compare with the TDR. For the long profile, the TDR
measurements were conducted every 10 m, and we averaged three successive values,
and we averaged GPR measurements of every 30 m successive values to compare with
the TDR. We used the root mean square error (RMSE) and mean absolute error (MAE) to
quantitatively compare GPR and TDR results as follows:

RMSE =

√√√√ N

∑
n=1

(θn,TDR − θn,GPR)
2

N − 1
(7)

and

MAE =
∑N

n=1 |θn,TDR − θn,GPR|
N

(8)

where N is the number of TDR measurements, and in this study N = 20 for each measure-
ment depth.

(a) (b)

Figure 9. Potato field in Ferrières, Vallèe Jean Rèaux, Sains-Morainvillers, France. (a) volumetric
soil moisture measurement points and orthophoto. Area A indicates the long profile of TDR mea-
surements, and B indicates the short profile; (b) digital surface model map. Coordinates are in
WGS84/UTM zone 31 N (m).

4.3. Results and Discussion

The GPR results are shown in Figure 9a, with the corresponding orthophoto as the
background. The observed soil moisture values highlight the inherent soil variability and
also show some spatial correlation. From the southwest to the northeast, the water content
is getting higher, since the elevation is getting lower from the southwest to the northeast
(see Figure 9b). The relative elevation map was obtained from aerial drone photographies
using photogrammetry, whose processing was performed using the Agisoft Metashape
software. The DJI Phantom 4Pro was used for the image acquisitions.

For comparison, we plot the GPR and TDR results in Figure 10. TDR measurement at
5 cm depth is generally lower than the GPR. GPR result is closer to TDR measurements at
15 cm depth with an RMSE of 0.038 and MAE of 0.033. The 5 cm depth is drier because it is
near the surface (dry summer conditions), where the soil is also much less dense. Following
the analyses of Lambot et al. [27] and Wu and Lambot [58], we estimate that the GPR



Remote Sens. 2022, 14, 6046 13 of 16

characterization depth in the 130–190 MHz frequency range is about 40 cm, depending on
the soil properties themselves. This explains the lower values observed for TDR at 5 and
15 cm depth. However, the GPR characterization depth is of interest as it does correspond
to a major part of the root zone as well as to the zone of interest for managing irrigation.
The observed differences between GPR and TDR are also to be attributed to the different
characterization scales and the inherent variability of soil moisture, even at the dm scale.

Figure 10. Comparison between soil moisture results of GPR (sensitivity down to about 40 cm) and
TDR (5 and 15 cm depth).

5. Conclusions and Perspectives

In this study, we analysed GPR full-wave inversion for soil moisture measurement
in trench-hill potato fields. To understand the trench-hill surface effects on the full-wave
inversion, we conducted 2D and 3D FDTD simulations using gprMax. The 2D simulations
were used for observing the EM wave propagation, and the 3D were used for full-wave
inversion. Three different centre frequencies were considered, i.e., 150 MHz, 250 MHz and
450 MHz, respectively. To obtain the 3D FDTD Green’s function, the virtual antenna (the
source/receiver) of each centre frequency was calibrated, using two other simulations with
the source/receiver situated in the free space and over a PEC. We related the FDTD Green’s
functions with the inversion results. We found that the radar signal is not significantly
affected by the trench-hill structure in the 100–200 MHz frequency range. The FDTD Green’s
function of the trench-hill surface stays almost the same as the flat surface when frequency
is lower than 190 MHz. However, it still leads to a slight underestimation of the permittivity
after inversion. This bias can be corrected for using a linear regression. The most accurate
results are obtained when the source/receiver is above the hill. The higher frequency
ranges are strongly affected by the trench-hill structure, and the results are quite different
depending on the position of the source/receiver over the trench or the hill. This makes it
difficult to account for in the electromagnetic model.

Field measurements were performed over a potato field. A log-periodic antenna was
used and calibrated over a large water body, i.e., a river with a relatively smooth surface.
The optimal 130–190 MHz frequency range was used for inversion, and the bias correction
was applied on the inversion results. For comparison, several TDR measurements were also
conducted. The soil volumetric water content was calculated using Topp’s equation [52]
for εr obtained both from GPR and TDR, as expressed in Equation (3). The results are
consistent from the soil map for both soil moisture values and the variation. The observed
differences were attributed to the different characterization scales of both instrument and
soil moisture variability (different soil volumes are characterized by both techniques).
The GPR characterization depth in the 130–190 MHz frequency range is estimated to be
around 0.40 m, corresponding to a key part of the root–zone. In addition, within the chosen
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frequency range, the roughness and crop effects can be ignored, so it makes the forward
model simpler, and together with the LUT, it greatly reduces the processing time to achieve
real-time determination and irrigation.

The results of this study suggest new lines of research regarding modelling of electro-
magnetic scattering by structured surfaces. It also opens promising perspectives to support
precision irrigation in a real application context.

Author Contributions: General conceptualization: H.D., R.C., L.G. and S.L.; Radar methodology:
S.L.; Field validation: K.W. and H.D.; Rodolphe Cockenpot, L.G., V.C. and S.L.; Numerical analyses:
K.W. and S.L.; Resources: H.D. and S.L.; Writing—original draft, K.W.; Writing—review & editing,
H.D. and S.L. All authors have read and agreed to the published version of the manuscript.

Funding: This project has received support from the European Union’s Horizon 2020 research and
innovation programme under Grant No. 825395 (MIRAGE project). The project also received support
from the DuraTechFarm project No. D65-7390 funded by the Région Wallonne (Belgium).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Escobar, V.; Vander Zaag, P. Field performance of potato (Solanum spp.) cuttings in the warm tropics: Influence of planting

system, hilling, density and pruning. Am. Potato J. 1988, 65, 1–10. [CrossRef]
2. Jordan, M.; Kelling, K.; Lowery, B.; Arriaga, F.; Speth, P. Hill Shape Influences on Potato Yield, Quality, and Nitrogen Use

Efficiency. Am. J. Potato Res. 2013, 90, 217–228. [CrossRef]
3. Kelling, K.A.; Arriaga, F.J.; Lowery, B.; Jordan, M.O.; Speth, P.E. Use of hill shape with various nitrogen timing splits to improve

fertilizer use efficiency. Am. J. Potato Res. 2015, 92, 71–78. [CrossRef]
4. Singh, G. A review of the soil-moisture relationship in potatoes. Am. Potato J. 1969, 46, 398–403. [CrossRef]
5. Ierna, A.; Mauromicale, G. Tuber yield and irrigation water productivity in early potatoes as affected by irrigation regime. Agric.

Water Manag. 2012, 115, 276–284. [CrossRef]
6. Babaeian, E.; Sadeghi, M.; Jones, S.B.; Montzka, C.; Vereecken, H.; Tuller, M. Ground, proximal, and satellite remote sensing of

soil moisture. Rev. Geophys. 2019, 57, 530–616. [CrossRef]
7. Chanzy, A.; Tarussov, A.; Bonn, F.; Judge, A. Soil Water Content Determination Using a Digital Ground-Penetrating Radar. Soil

Sci. Soc. Am. J. 1996, 60, 1318–1326. [CrossRef]
8. Huisman, J.A.; Sperl, C.; Bouten, W.; Verstraten, J.M. Soil water content measurements at different scales: Accuracy of time

domain reflectometry and ground-penetrating radar. J. Hydrol. 2001, 245, 48–58. [CrossRef]
9. Huisman, J.A.; Snepvangers, J.J.J.C.; Bouten, W.; Heuvelink, G.B.M. Mapping spatial variation in surface soil water content:

Comparison of ground-penetrating radar and time domain reflectometry. J. Hydrol. 2002, 269, 194–207. [CrossRef]
10. Huisman, J.A.; Hubbard, S.S.; Redman, J.D.; Annan, A.P. Measuring Soil Water Content with Ground Penetrating Radar: A

Review. Vadose Zone J. 2003, 2, 476–491. [CrossRef]
11. Klotzsche, A.; Jonard, F.; Looms, M.; van der Kruk, J.; Huisman, J. Measuring Soil Water Content with Ground Penetrating Radar:

A Decade of Progress. Vadose Zone J. 2018, 17, 180052. [CrossRef]
12. Zajícová, K.; Chuman, T. Application of ground penetrating radar methods in soil studies: A review. Geoderma 2019, 343, 116–129.

. [CrossRef]
13. Liu, X.; Chen, J.; Cui, X.; Liu, Q.; Cao, X.; Chen, X. Measurement of soil water content using ground-penetrating radar: A review

of current methods. Int. J. Digit. Earth 2019, 12, 95–118. [CrossRef]
14. Binley, A.; Winship, P.; Middleton, R.; Pokar, M.; West, J. High-resolution characterization of vadose zone dynamics using

cross-borehole radar. Water Resour. Res. 2001, 37, 2639–2652. [CrossRef]
15. Buursink, M.; Clement, W.; Knoll, M. Use of Vertical-Radar Profiling to Estimate Porosity at Two New England Sites and

Comparison with Neutron Log Porosity. In Proceedings of the 15th EEGS Symposium on the Application of Geophysics to
Engineering and Environmental Problems, Las Vegas, NV, USA, 10–14 February 2002. [CrossRef]

16. Galagedara, L.; Parkin, G.W.; Redman, J.D.; von Bertoldi, A.; Endres, A. Field studies of the GPR ground wave method for
estimating soil water content during irrigation and drainage. J. Hydrol. 2005, 301, 182–197. [CrossRef]

17. Pettinelli, E.; Vannaroni, G.; Pasquo, B.; Mattei, E.; Di Matteo, A.; De Santis, A.; Annan, P. Correlation between near-surface
electromagnetic soil parameters and early-time GPR signals: An experimental study. Geophysics 2007, 72, A25–A28. [CrossRef]

http://doi.org/10.1007/BF02855308
http://dx.doi.org/10.1007/s12230-012-9292-x
http://dx.doi.org/10.1007/s12230-014-9413-9
http://dx.doi.org/10.1007/BF02869560
http://dx.doi.org/10.1016/j.agwat.2012.09.011
http://dx.doi.org/10.1029/2018RG000618
http://dx.doi.org/10.2136/sssaj1996.03615995006000050005x
http://dx.doi.org/10.1016/S0022-1694(01)00336-5
http://dx.doi.org/10.1016/S0022-1694(02)00239-1
http://dx.doi.org/10.2136/vzj2003.4760
http://dx.doi.org/10.2136/vzj2018.03.0052
http://dx.doi.org/10.1016/j.geoderma.2019.02.024
http://dx.doi.org/10.1080/17538947.2017.1412520
http://dx.doi.org/10.1029/2000WR000089
http://dx.doi.org/10.4133/1.2927127
http://dx.doi.org/10.1016/j.jhydrol.2004.06.031
http://dx.doi.org/10.1190/1.2435171


Remote Sens. 2022, 14, 6046 15 of 16

18. Matteo, A.D.; Pettinelli, E.; Slob, E. Early-Time GPR Signal Attributes to Estimate Soil Dielectric Permittivity: A Theoretical Study.
IEEE Trans. Geosci. Remote Sens. 2013, 51, 1643–1654. [CrossRef]

19. Pettinelli, E.; Di Matteo, A.; Beaubien, S.E.; Mattei, E.; Lauro, S.E.; Galli, A.; Vannaroni, G. A controlled experiment to investigate
the correlation between early-time signal attributes of ground-coupled radar and soil dielectric properties. J. Appl. Geophys. 2014,
101, 68–76. [CrossRef]

20. Algeo, J.; Van Dam, R.; Slater, L. Early-Time GPR: A Method to Monitor Spatial Variations in Soil Water Content during Irrigation
in Clay Soils. Vadose Zone J. 2016, 15, 1–9. [CrossRef]

21. Comite, D.; Galli, A.; Lauro, S.E.; Mattei, E.; Pettinelli, E. Analysis of GPR Early-Time Signal Features for the Evaluation of Soil
Permittivity Through Numerical and Experimental Surveys. IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens. 2016, 9, 178–187.
[CrossRef]

22. Ernst, J.R.; Maurer, H.; Green, A.G.; Holliger, K. Full-Waveform Inversion of Crosshole Radar Data Based on 2D Finite-Difference
Time-Domain Solutions of Maxwell’s Equations. IEEE Trans. Geosci. Remote Sens. 2007, 45, 2807–2828. [CrossRef]

23. Meles, G.A.; Kruk, J.V.d.; Greenhalgh, S.A.; Ernst, J.R.; Maurer, H.; Green, A.G. A New Vector Waveform Inversion Algorithm for
Simultaneous Updating of Conductivity and Permittivity Parameters From Combination Crosshole/Borehole-to-Surface GPR
Data. IEEE Trans. Geosci. Remote Sens. 2010, 48, 3391–3407. [CrossRef]

24. Busch, S.; Van Der Kruk, J.; Bikowski, J.; Vereecken, H. Quantitative conductivity and permittivity estimation using full-waveform
inversion of on-ground GPR data. Geophysics 2012, 77, H79–H91. [CrossRef]

25. Lambot, S.; Slob, E.C.; Van Bosch, I.D.; Stockbroeckx, B.; Vanclooster, M. Modeling of ground-penetrating radar for accurate
characterization of subsurface electric properties. IEEE Trans. Geosci. Remote. Sens. 2004, 42, 2555–2568. [CrossRef]

26. Lambot, S.; André, F. Full-wave modeling of near-field radar data for planar layered media reconstruction. IEEE Trans. Geosci.
Remote Sens. 2014, 52, 2295–2303. [CrossRef]

27. Lambot, S.; Weihermüller, L.; Huisman, J.A.; Vereecken, H.; Vanclooster, M.; Slob, E.C. Analysis of air-launched ground-
penetrating radar techniques to measure the soil surface water content. Water Resour. Res. 2006, 42, W11403. [CrossRef]

28. Lambot, S.; Slob, E.; Chavarro, D.; Lubczynski, M.; Vereecken, H. Measuring soil surface water content in irrigated areas of
southern Tunisia using full-waveform inversion of proximal GPR data. Surf. Geophys. 2008, 6, 403–410. [CrossRef]

29. Jonard, F.; Weihermuller, L.; Jadoon, K.Z.; Schwank, M.; Vereecken, H.; Lambot, S. Mapping Field-Scale Soil Moisture With L-Band
Radiometer and Ground-Penetrating Radar Over Bare Soil. IEEE Trans. Geosci. Remote Sens. 2011, 49, 2863–2875. [CrossRef]

30. Tran, A.P.; Bogaert, P.; Wiaux, F.; Vanclooster, M.; Lambot, S. High-resolution space–time quantification of soil moisture along a
hillslope using joint analysis of ground penetrating radar and frequency domain reflectometry data. J. Hydrol. 2015, 523, 252–261.
. [CrossRef]

31. Minet, J.; Bogaert, P.; Vanclooster, M.; Lambot, S. Validation of ground penetrating radar full-waveform inversion for field scale
soil moisture mapping. J. Hydrol. 2012, 424–425, 112–123. [CrossRef]

32. Wu, K.; Rodriguez, G.A.; Zajc, M.; Jacquemin, E.; Clément, M.; De Coster, A.; Lambot, S. A new drone-borne GPR for soil
moisture mapping. Remote Sens. Environ. 2019, 235, 111456. [CrossRef]

33. Asano, S.; Yamamoto, G. Light Scattering by a Spheroidal Particle. Appl. Opt. 1975, 14, 29–49. [CrossRef]
34. Taflove, A.; Brodwin, M. Numerical Solution of Steady-State Electromagnetic Scattering Problems Using the Time-Dependent

Maxwell’s Equations. IEEE Trans. Microw. Theory Tech. 1975, 23, 623–630. [CrossRef]
35. Rother, T. General Aspects of Solving Helmholtz’s Equation Underlying Eigenvalue and Scattering Problems in Electromagnetic

Wave Theory. J. Electromagn. Waves Appl. 1999, 13, 867–888. [CrossRef]
36. Urusovskii, I.; Wood, J. Diffraction of a plane wave by a rough surface. Sov. Phys. Acoust. 1992, 38, 507–512.
37. Charnotskii, M.I. Wave scattering by periodic surface at low grazing angles: Single grazing mode. Prog. Electromagn. Res. 2000,

26, 1–41. [CrossRef]
38. Craeye, C.; Sobieski, P.; Bliven, L. Scattering by artificial wind and rain roughened water surfaces at oblique incidences. Int. J.

Remote Sens. 1997, 18, 2241–2246. [CrossRef]
39. Craeye, C.; Sobieski, P.W.; Bliven, L.F.; Guissard, A. Ring-waves generated by water drops impacting on water surfaces at rest.

IEEE J. Ocean. Eng. 1999, 24, 323–332. [CrossRef]
40. Lemaire, D.; Bliven, L.; Craeye, C.; Sobieski, P. Drop size effects on rain-generated ring-waves with a view to remote sensing

applications. Int. J. Remote Sens. 2002, 23, 2345–2357. [CrossRef]
41. Fung, A.; Li, Z.; Chen, K. Backscattering from a randomly rough dielectric surface. IEEE Trans. Geosci. Remote Sens. 1992,

30, 356–369. [CrossRef]
42. Dierking, W. Quantitative roughness characterization of geological surfaces and implications for radar signature analysis. IEEE

Trans. Geosci. Remote Sens. 1999, 37, 2397–2412. [CrossRef]
43. Davidson, M.; Toan, T.L.; Mattia, F.; Satalino, G.; Manninen, T.; Borgeaud, M. On the characterization of agricultural soil

roughness for radar remote sensing studies. IEEE Trans. Geosci. Remote Sens. 2000, 38, 630–640. [CrossRef]
44. Lambot, S.; Antoine, M.; Vanclooster, M.; Slob, E.C. Effect of soil roughness on the inversion of off-ground monostatic GPR signal

for noninvasive quantification of soil properties. Water Resour. Res. 2006, 42. [CrossRef]
45. Giannopoulos, A.; Diamanti, N. Numerical modeling of Ground Penetrating Radar response from rough subsurface interfaces.

Surf. Geophys. 2008, 6, 357–369. [CrossRef]

http://dx.doi.org/10.1109/TGRS.2012.2206817
http://dx.doi.org/10.1016/j.jappgeo.2013.11.012
http://dx.doi.org/10.2136/vzj2016.03.0026
http://dx.doi.org/10.1109/JSTARS.2015.2466174
http://dx.doi.org/10.1109/TGRS.2007.901048
http://dx.doi.org/10.1109/TGRS.2010.2046670
http://dx.doi.org/10.1190/geo2012-0045.1
http://dx.doi.org/10.1109/TGRS.2004.834800
http://dx.doi.org/10.1109/TGRS.2013.2259243
http://dx.doi.org/10.1029/2006WR005097
http://dx.doi.org/10.3997/1873-0604.2008028
http://dx.doi.org/10.1109/TGRS.2011.2114890
http://dx.doi.org/10.1016/j.jhydrol.2015.01.065
http://dx.doi.org/10.1016/j.jhydrol.2011.12.034
http://dx.doi.org/10.1016/j.rse.2019.111456
http://dx.doi.org/10.1364/AO.14.000029
http://dx.doi.org/10.1109/TMTT.1975.1128640
http://dx.doi.org/10.1163/156939399X00330
http://dx.doi.org/10.2528/PIER99060505
http://dx.doi.org/10.1080/014311697217864
http://dx.doi.org/10.1109/48.775294
http://dx.doi.org/10.1080/01431160110107617
http://dx.doi.org/10.1109/36.134085
http://dx.doi.org/10.1109/36.789638
http://dx.doi.org/10.1109/36.841993
http://dx.doi.org/10.1029/2005WR004416
http://dx.doi.org/10.3997/1873-0604.2008024


Remote Sens. 2022, 14, 6046 16 of 16

46. Jonard, F.; WeihermüLler, L.; Vereecken, H.; Lambot, S. Accounting for soil surface roughness in the inversion of ultrawideband
off-ground GPR signal for soil moisture retrieval. Geophysics 2012, 77, H1–H7. [CrossRef]

47. Jonard, F.; André, F.; Pinel, N.; Warren, C.; Vereecken, H.; Lambot, S. Modeling of multilayered media Green’s functions with
rough interfaces. IEEE Trans. Geosci. Remote Sens. 2019, 57, 7671–7681. [CrossRef]

48. Giannopoulos, A. Modelling ground penetrating radar by GprMax. Constr. Build. Mater. 2005, 19, 755–762. [CrossRef]
49. Warren, C.; Giannopoulos, A.; Giannakis, I. gprMax: Open source software to simulate electromagnetic wave propagation for

Ground Penetrating Radar. Comput. Phys. Commun. 2016, 209, 163–170. [CrossRef]
50. Chew, W.C. Waves and Fields in Inhomogeneous Media; Institute of Electrical and Electronics Engineers: Piscataway, NJ, USA, 1995;

Volume 16.
51. Slob, E.; Fokkema, J. Coupling effects of two electric dipoles on an interface. Radio Sci. 2002, 37, 1073. [CrossRef]
52. Topp, G.C.; Davis, J.L.; Annan, A.P. Electromagnetic determination of soil water content: Measurements in coaxial transmission

lines. Water Resour. Res. 1980, 16, 574–582. [CrossRef]
53. Yee, K. Numerical solution of initial boundary value problems involving maxwell’s equations in isotropic media. IEEE Trans.

Antennas Propag. 1966, 14, 302–307. [CrossRef]
54. Renner, K.A. Timing of herbicide application and potato hilling. Am. Potato J. 1992, 69, 167–177. [CrossRef]
55. Chow, T.; Rees, H. Effects of potato hilling on water runoff and soil erosion under simulated rainfall. Can. J. Soil Sci. 1994,

74, 453–460. [CrossRef]
56. Ardekani, S.; Jacques, D.; Lambot, S. A Layered Vegetation Model for GPR Full-Wave Inversion. IEEE J. Sel. Top. Appl. Earth Obs.

Remote Sens. 2015, 9, 18–28. [CrossRef]
57. André, F.; Jonard, F.; Jonard, M.; Vereecken, H.; Lambot, S. Accounting for Surface Roughness Scattering in the Characterization

of Forest Litter with Ground-Penetrating Radar. Remote Sens. 2019, 11, 828. [CrossRef]
58. Wu, K.; Lambot, S. Analysis of Low-Frequency Drone-Borne GPR for Root-Zone Soil Electrical Conductivity Characterization.

IEEE Trans. Geosci. Remote Sens. 2022, 60, 1–13. [CrossRef]
59. Wu, K.; Lambot, S. Effect of Radar Incident Angle on Full-Wave Inversion for the Retrieval of Medium Surface Permittivity for

Drone-Borne Applications. IEEE Trans. Geosci. Remote Sens. 2022, 60, 1–10. [CrossRef]

http://dx.doi.org/10.1190/geo2011-0054.1
http://dx.doi.org/10.1109/TGRS.2019.2915676
http://dx.doi.org/10.1016/j.conbuildmat.2005.06.007
http://dx.doi.org/10.1016/j.cpc.2016.08.020
http://dx.doi.org/10.1029/2001RS002529
http://dx.doi.org/10.1029/WR016i003p00574
http://dx.doi.org/10.1109/TAP.1966.1138693
http://dx.doi.org/10.1007/BF02856548
http://dx.doi.org/10.4141/cjss94-059
http://dx.doi.org/10.1109/JSTARS.2015.2418093
http://dx.doi.org/10.3390/rs11070828
http://dx.doi.org/10.1109/TGRS.2022.3198431
http://dx.doi.org/10.1109/TGRS.2022.3157370

	Introduction
	Methodology
	Full-Wave Inversion to Retrieve Soil Moisture
	FDTD Numerical Simulation and Calibration

	Numerical Experiments
	Configuration 1: 3 Sources with Different Centre Frequencies
	Configuration 2: 150 MHz Source over the Soil Surface with Different Positions and Soil Properties

	Field Experiments
	Ground-Penetrating Radar
	Time–Domain Reflectometry
	Results and Discussion

	Conclusions and Perspectives
	References

