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Abstract—We present a new drone-borne ground-penetrating
radar (GPR) for soil moisture mapping. The GPR system is
lightweight, <1.5 kg, and consists of a vector network analyzer
(VNA) as frequency-domain radar, a hybrid horn-dipole antenna
operating in the range 250-2800 MHz, a microcomputer for
controlling the radar, a smartphone or tablet for remote control,
and a GPS for positioning. Radar data processing is performed
using full-wave inversion based on the method of Lambot et
al. As a proof of concept, we present the results of a data
acquisition over an agricultural field in Saint-Denis, Belgium.
For this example, we used the 500-700 MHz frequency range and
inversion was performed in the time domain, focusing on the soil
surface reflection. The retrieved permittivity was converted into
soil moisture values using Topp’s equation. The soil moisture map
was constructed using kriging. The obtained results were very
consistent with the soil topography map, with higher soil moisture
values observed in the talwegs and lower values observed in
the highest slopes. Although the method still requires a few
improvements before being routinely applicable, the method
appears to be very flexible and promising for a series of drone
applications, including precision agriculture and environmental
engineering.

Index Terms—Drone, ground-penetrating radar, GPR, full-
wave inversion, soil water content

I. INTRODUCTION

Drone technology has been developed rapidly over the past
few years and has been used in a series of applications such as
aerial photography, architecture, precision agriculture, security
etc. [1]. It has also been used in the field of telecommunica-
tions and microwave imaging (e.g., [2], [3]). For undergound
detection, a commercial ground-penetrating radar (GPR) set up
on a drone was used to determine snow thickness [4]. Using
a drone-borne time-domain GPR was proven to be useful for
landmine detection [5].

In the area of agricultural and environmental engineering,
knowledge of soil moisture is of paramount importance (e.g.,
[6], [7]). In that respect, GPR has demonstrated to be a useful
tool to provide soil moisture information with a high resolution
at the field scale. A recent review summarizes soil moisture
estimation methods using GPR [8], including recent devel-
opments of on- and off-ground measurements, corresponding
instrumentation and data processing methods. According to
petrophysics, the volumetric soil water content (SWC) can
be obtained from the dielectric permittivity [9], [10], which
can be derived from GPR. However, the application of drone-
borne GPR for soil moisture estimation is still rare. Drone-
borne GPR has the potential to reduce soil moisture mapping

works and expenses and, moreover, does not impact the soil
and plants during the growing season.

In that framework, an off-ground configuration and a
lightweight radar system are needed. A lightweight transverse
electromagnetic (TEM) horn antenna with ultra-wideband
structure is easy to construct because it simply consists of
two metal plates [11], [12]. The full-wave inversion method
is suitable [13]–[17] from the reasons that it is inherently
that most accurate approach and moreover, it permits fully
automated processing.

In this study, we set up a new air-borne, frequency-domain
GPR using a lightweight vector network analyzer (VNA), a
homemade hybrid horn-dipole antenna, a microcomputer and
a remote controlling application. A GPS is used for position-
ing within the field. Data processing is based on full-wave
inverse modeling in the time domain, focusing on the surface
reflection only [13]–[15]. In that respect, the drone-radar-
antenna system was characterized through its global reflection
and transmission functions. Model fitting during inversion was
made through a look-up table (LUT) for robust and real-time
inversion. The drone-GPR data acquisitions were performed
in an agricultural field located in Saint-Denis, Belgium. In
order to assess the consistency of the soil moisture results, we
also provide the elevation map and an orthophotography of
the area.

II. DRONE-BORNE GPR

The drone-radar system includes mainly two parts: the radar
system and the drone with GPS positioning. Specifically, a new
hybrid horn-dipole antenna was built in order to cover a wide
range of frequencies (250-2800 MHz) and being lightweight.
The same antenna was used as transmitter and receiver. The
impedance variation (50 Ω at the feed point to 120π Ω in
the free space) within the antenna was tuned to be linear in
the horn part. The design of the horn part of the antenna
is presented in [12]. The antenna was directly connected to
the reflection port of a 1-port handheld VNA (R60, Copper
Mountain Technologies, USA), thereby setting up a stepped-
frequency continuous-wave system. An Intel Computer Stick
was used as controlling computer with user programs written
with COM technology. The operating system is Windows 10.
In addition, we developed Python and Javascript programs
to remotely control the radar measurements, e.g., using a
smartphone. A local Wi-Fi network is launched by the micro-
computer with an external USB module, providing the user



interface with an HTTP server. The whole drone-borne GPR
weight 1480 g and its size is 460 × 126 × 175 mm. Figure
1 shows the radar prototype mounted on the drone during
acquisitions. The drone is the X8 model from RCTakeOff,
which is made of 8 motors and 4 arms (2 motors per arm).

Fig. 1. Prototype drone-GPR and drone for soil moisture mapping.

III. DATA PROCESSING

A. Radar equation and calibration

The radar signal was modeled using the radar equation
developed by Lambot et al. [13], [15]. In the so-called far-
field conditions applying to the drone-GPR configuration [18],
namely, the distance between the antenna and the ground is
larger than 1.2 the size of the antenna aperture [19], this radar
equation is expressed in the frequency domain as:

S11 = Hi(ω) +
H(ω)G↑xx(ω)

1 −G↑xx(ω)Hf (ω)
(1)

In this equation, S11(ω) is the reflection coefficient mea-
sured by the VNA, with ω being the angular frequency;
Hi(ω) and Hf (ω) are the antenna complex global reflection
coefficients of the antenna for the fields incident from the VNA
and the ground, respectively, and H(ω) is the transmitting
and receiving complex global transmission coefficient of the
antenna. These three later functions are characteristic to the
drone-radar-antenna system and are determined through a
calibration procedure. Finally, G↑xx(ω) is the Green’s func-
tion representing the backscattered electric field evaluated at
the antenna phase center assuming a unit-source for wave
propagation in a 3D layered medium [13], [20]. More details
regarding the parameterization of this radar equation can be
found in [13], [15]. It is worth noting that for accounting for
the drone-radar interactions, calibration should be performed
using the radar mounted on the drone.

B. Full-wave inversion

Inversion is formulated using the least squares problem and
the objective function is accordingly defined as:

φ(b) = (g↑
∗

xx(t) − g↑xx(t))T (g↑
∗

xx(t) − g↑xx(t)) (2)

where g↑
∗

xx(t) and g↑xx(t) are the time-domain, measured and
modeled Green’s function vectors, respectively. The measured
Green’s function is calculated from the radar measurements
using Equ. (1). The parameter vector to be estimated is
b = [h0, εr], with h0 being the distance between the antenna

phase centre and the soil surface and εr being the relative
dielectric permittivity of the soil assumed as a half-space
medium. This later assumption can be made by focusing
inversion on the surface reflection only, providing that it is
not affected by the eventual presence of a thin layer [21].
Important to note as well is that the electrical conductivity of
the soil is assumed to have a negligible effect on the surface
reflection, which is valid in the frequency range dealt with in
this study [14]. The effects of the soil slope and antenna tilting
were neglected in this study, assuming as a first approximation
that the antenna radiation pattern was uniform in the variation
range of the angle. Nevertheless, for future applications, this
should be accounted for.

Given the limited number of parameters to estimate, op-
timization of the objective function is made by computing
it completely through the use of a pre-calculated look-up
table (LUT) in the parameter space of interest [22]–[24].
Once the LUT is computed, this method has the advantage
of being robust and extremely fast compared to the use of a
gradient-based or global optimization method, namely, real-
time inversion can be made. In this study, the LUT parameter
vectors were defined as h0 = [0.5 6] m with intervals of 0.005
m and εr = [2 30] with the intervals of 0.5 , resulting in a
1101 × 57 LUT (i.e., 62757 values).

IV. RESULTS

The measurements presented in this paper were performed
over a bare, loamy agricultural field in Saint-Denis, in the
region of Gembloux, Belgium (see Fig. 2). The size of the
test field was 1.395 ha. In this particular analysis, we reduced
the frequency range to 500-700 MHz, to which corresponds
a depth of influence, considered as characterization depth, of
about 10-20 cm. In this frequency range, the effect of soil
surface roughness was negligible [25]. In total, 2437 radar
measurements were collected over the field.
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Fig. 2. The location of the study site: agricultural field in Saint-Denis
(Belgium).

The petrophysical relation between the relative dielectric
permittivity εr and the soil moisture of Topp [9] was used to
derive the volumetric soil moisture θ for each measurement
point:

θ = −5.3×10−2+2.92×10−2εr−5.5×10−4ε2r+4.3×10−6ε3r
(3)



The kriging interpolation method was used to get the soil
water content map from the GPR point measurements. To
provide insights into the consistency of the obtained soil
moisture map, we compare the results with the digital elevation
model of the plot as well as with an orthophotography (see
Fig. 3). Both were obtained from aerial photographies using
photogrammetry.
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Fig. 3. Agricultural field in Saint-Denis, Belgium. (a) Volumetric soil
moisture derived from the drone-GPR measurements, (b) digital elevation
model and (c) soil orthophotography.

As we can see in the elevation map (Fig.3(b)), this field
presents a gentle topography with a talweg, slight slopes
and flat areas. Soil topography is one of the major factors
governing soil moisture distribution in the field, together with
soil texture. Regarding this later factor, the orthophotography
(Fig.3(b)) shows different soil colors that are correlated to
surface soil texture distributions, with the whiter areas cor-
responding to silt accumulated through erosion in the talweg
and darker areas containing more clay and carbon content.

As shown in the soil moisture map (Fig.3(a)), there is mostly
a wet area extending from the southern part of the field to its
centre and a drier area in the south-western part of the field.
In general, the soil moisture map is quite consistent with the
distribution from the soil topography. A good correlation is
also observed with the soil color map. It is worth noting that
both the plateau and talweg are relatively flat, leading both
to the same incidence angle, and present contrasted moisture
levels. This indicates that for this field, it is indeed expected
that neglecting the incidence angle was a relatively good
approximation.

V. CONCLUSION

A lightweight radar system was designed to be mounted
on a drone for soil moisture mapping. Full-wave inversion
is used to determine the soil water content from the radar
data, which theoretically provides the best possible estimates.
For fast inversion, a LUT-based approach was adopted. We
used kriging interpolation to obtain the soil moisture map. The
comparison with the digital elevation map and real soil picture
greatly confirms the potential of this technology. Our future
works will focus on (1) the calibration of the full-wave radar
model for accounting for different incidence angles resulting
from drone tilting and variable soil topography, (2) improving
the antenna design for improved signal-to-noise ratio, and (3)
validation using comparisons with ground-truths.
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