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Abstract—In this study, we analysed the low-frequency drone-
borne ground-penetrating radar (GPR) and full-wave inversion
method for soil electrical conductivity characterization. The sen-
sitivity of parameters (the relative dielectric permittivity εr and
electrical conductivity σ) is investigated based on the full-wave
inversion method. For the full-wave inversion analysis, numerical
experiments were conducted within the frequency range of 15-
45 MHz. The results show that the soil surface reflexion is
more sensitive to the soil electrical conductivity than the soil
permittivity to be retrieved using full-wave inversion within this
frequency range, with a sensitivity depth of around 0.5 m. Yet,
the permittivity also affects the results. For the field experiment,
a 5-meter long dipole was mounted on a drone to provide the
low frequency range of 15-45 MHz. The measurements were
conducted during two different days. The conductivity maps ob-
tained by the drone-borne GPR and by electromagnetic induction
(EMI) are presented for comparison. The agreement between
the two drone-GPR experiments demonstrated the feasibility
of soil conductivity mapping using drone-borne GPR and full-
wave inversion. Nevertheless, the conductivity maps were opposite
in terms of spatial distributions compared to EMI. This was
attributed to the different depth sensitivities of the two methods
in relation to the local soil pedology.

Index Terms—Drone, ground-penetrating radar, GPR, full-
wave inversion, electrical conductivity, dielectric permittivity, soil
conductivity mapping

I. INTRODUCTION

Ground-penetrating radar (GPR) has proven to be one of
the promising methods for road inspection [1], [2], tree trunk
imaging [3], [4], buried objects detection [5], [6], soil surveys
[7]–[9] etc. Nowadays, with the drone technology develop-
ment, and its features of being low-cost, easy-controlled, high-
effective etc. [10], a growing number of new possibilities are
available for scientific applications. A commercial GPR was
set up on a drone for snow thickness measurement [11], and
a time-domain GPR was used for landmine detection [12]
etc. For soil properties characterization, we recently proposed
a lightweight frequency-domain GPR and used it for soil
moisture mapping [13].

The soil electrical conductivity is also an important factor
in soil surveys since it depends on the soil texture, clay
content, salinity etc. It can be measured by electromagnetic
induction (EMI), electrical resistivity tomography (ERT), GPR
etc. For instance, the soil conductivity can be estimated from
GPR echoes comparison [14] or multi-offset GPR data [15].
On-ground GPR data can be used to retrieve the medium
conductivity from multi-scale and full-wave inversion [16].
However, using the off-ground, drone- or air-borne GPR for
soil conductivity characterization has remained a challenge.

Parameter sensitivity is important since it determines if it is
possible to measure the parameter of interest using a specific
technique. In the EMI frequencies, e.g., typically 1-100 kHz,
the measurements are sensitive on the soil electrical conduc-
tivity and magnetic permeability. The effect of permittivity on
EMI is negligible. In addition, focusing on the soil surface
reflexion, it is proved that the apparent electrical conductivity
can be neglected when it is less than 100 mS/m with the
operating frequency higher than 100 MHz [17], making it
possible to measure the soil dielectric permittivity with high
frequency.

In this study, we analysed the low-frequency drone-borne
GPR for soil electrical conductivity mapping. The frequency
range we used in this analysis 15-45 MHz. Based on the
full-wave inversion method and objective function plots, we
conducted numerical experiments to investigate the sensitiv-
ity of the surface reflexion to permittivity and conductivity.
Secondly, a layered medium model was used to estimate
the sensitivity of the surface reflexion with respect to depth.
Field measurements were also performed to prove the concept
of this low-frequency GPR and full-wave inversion for soil
conductivity mapping. We used a 5-meter dipole antenna to
provide the frequency range of 15-45 MHz as applied in the
numerical experiments. For comparison, we did two drone-
borne GPR measurements in two different days (in winter and
summer), and EMI maps were provided as well.

II. FULL-WAVE INVERSION

The inverse problem is defined as a least-squares formu-
lation. It is conducted in the time domain, in order to focus
on the medium surface reflexion. The objective function is
expressed as:

φ(b) = (g∗
xx(t)− gxx(b, t))

ᵀ(g∗
xx(t)− gxx(b, t)) (1)

where g∗
xx(t) is the measured Green’s function data (vector N

× 1, where N is the number of data points in the waveform),
or the simulated data in the numerical experiments. gxx(b, t)
is the modelled Green’s function. t denotes the time. The mea-
sured and modelled Green’s functions are originally obtained
in the frequency domain as G∗

xx(ω) and Gxx(b, ω), where ω
is the angular frequency. Inverse Fourier transform is used to
get data in the time domain as g∗

xx(t) and gxx(b, t). b in the
inverse model is the parameter vector. In this paper, b = [εr, σ]
and [σ, h] in the numerical and field experiment, respectively.
εr, σ and h are the relative dielectric permittivity, electrical
conductivity and the distance between the antenna aperture

20
21

 1
1t

h 
In

te
rn

at
io

na
l W

or
ks

ho
p 

on
 A

dv
an

ce
d 

G
ro

un
d 

Pe
ne

tra
tin

g 
R

ad
ar

 (I
W

A
G

PR
) |

 9
78

-1
-6

65
4-

22
53

-6
/2

1/
$3

1.
00

 ©
20

21
 IE

EE
 | 

D
O

I: 
10

.1
10

9/
IW

A
G

PR
50

76
7.

20
21

.9
84

31
45

Authorized licensed use limited to: Univ Catholique de Louvain/UCL. Downloaded on August 25,2022 at 11:05:00 UTC from IEEE Xplore.  Restrictions apply. 



and the medium surface. Look-up tables (LUTs) are used for
robust and fast inversion.

For the field measurement, the Green’s function G∗
xx(ω) is

obtained from the far-field radar equation of Lambot et al.
[18]. The radar equation accounts for the antenna effect and
is expressed as:

S11 = Hi(ω) +
H(ω)G∗

xx(ω)

1−G∗
xx(ω)Hf (ω)

(2)

in which S11 is measured directly by the vector network
analyser (VNA). G∗

xx(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. Hi(ω), H(ω) and Hf (ω) are the antenna
transfer functions. Specifically, Hi(ω) is the global reflection
coefficient of the antenna for fields incident from the radar
reference plane onto the source point. Hi(ω) = S11 in free
space conditions where G∗

xx(ω) = 0. Hf (ω) is the global
reflection coefficient of the antenna for fields incident from
the antenna phase centre (backscattered field) onto the radar
reference plane. H(ω) is the antenna transmitting-receiving
response function. The antenna transfer functions are obtained
by antenna calibration through several measurements over a
lake and solving a matrix equation from the radar equation
expressed in Eq.(2). In this study, a lake is used as a relatively
large surface is needed as calibrating reflector (a few tens of
meters)..

III. NUMERICAL EXPERIMENT

In the numerical experiments, we considered two configu-
rations, namely, one- and two-layered medium, respectively,
to investigate (1) the sensitivities of the model to the relative
dielectric permittivity εr and the electrical conductivity σ, and
(2) the depth of sensitivity (so-called characterization depth).
The frequency range is 15-45 MHz.

A. Model configuration a

The first configuration corresponds to the basic model used
for the inversion, with a source above a lossless dielectric
half-space. In both simulation and inverse models, the flight
height or the distance between the antenna aperture and the
medium surface h is set as 6 m in order to analyse the
two parameters, εr and σ. For the simulation, we present
two models in this paper with [εr, σ] = [13, 10 mS/m]
and [22, 50 mS/m], respectively. For the inverse model, the
parameter vector b in the objective function was set b = [εr,
σ], and the distance h between the antenna aperture and the
medium surface is considered as known (the same as the h
in the simulation model), for investigating the sensitivity of
the relative permittivity εr and the electrical conductivity σ.
In addition, in b, 0 mS/m ≤ σ ≤ 100 mS/m and 2 ≤ εr ≤ 26,
and are divided into 101 discrete values, respectively, resulting
in 10201 calculations for the LUT.

Fig.1 shows the 15-45 MHz response surfaces of the objec-
tive functions in the εr −σ parameter plane. As expected, the
minimum of the objective function is unique. The sensitivity
of the objective function with respect to σ is higher than to εr,
as the black curve is more flat than the white. Yet, it affects the
results when εr is too low or too high. Besides, the sensitivity
of εr is too weak to be estimated by full-wave inversion. These

results provide an initial assumption for inverse model, i.e., for
the LUT calculation in practice, εr can be set to two values
(e.g., 10 and 20), to greatly reduce the calculation time.

(a)

(b)

Fig. 1. The 15-45 MHz response surface of the objective function logarithm
log10(φ) in parameter plane of εr − σ. The white curve represents the
minimum region of the objective function with respect to the conductivity
σ. The black curve represents the minimum region of the objective function
with respect to the relative dielectric permittivity εr .

B. Model configuration b

For configuration b, there is a source situated above a two-
layered medium, with the top layer h1 varying from 0 to 1
m with a step of 0.005 m. The electrical conductivity σ for
the upper layer is set to 80 mS/m, and for the lower layer
is 50 mS/m. For both the simulation and the inverse model,
the distance h between the antenna aperture and the medium
surface is 6 m, and the value of εr is 13. σ in the inverse
model or LUT ranges from 0 to 100 mS/m with a step of 1
mS/m, in order to investigate the layered-medium effects on
the estimation of the electrical conductivity σ or its detection
depth.

The estimated results as a function of thickness of the top
layer h1 is presented in Fig.2. The “staircase” effect observed
results from the discretization of LUT. When the thickness of
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the top layer h1 is 0, namely, there is just an half-space, σ of
the lower layer is estimated. With h1 increase, the estimated
σ gradually approaches the value of the top layer, and remains
afterward. However, the estimated σ is higher than the values
of the upper layer 80 mS/m, when h1 is around between 0.2
m and 0.58 m, but it is still acceptable. The detection depth
is indeed affected by the medium permittivity as well as the
conductivity, whereas it is generally half meter for most of the
soil conditions.

Fig. 2. Estimated electrical conductivity σ as a function of thickness h1 of
the top layer for configuration b.

IV. FIELD EXPERIMENT

The radar and its control system consist of (1) a lightweight
VNA (Planar R60, Copper Mountain Technologies, Indianapo-
lis, USA), working as the radar system unit and setting up a
stepped-frequency continuous-wave (SFCW) radar; (2) a GPS
receiver (GlobalSat BU-353S4) for positioning; (3) an Intel
computer stick with a power bank. Python and Javascript pro-
grams are developed to remotely control the micro-computer;
(4) a smartphone. It launches a hotspot for the micro-computer
to connect automatically in order to trigger the remote con-
trolling system installed on the micro-computer; (4) a 5-meter
dipole antenna, providing the operating frequency range of
15-45 MHz. The equipment introduced is mounted on the
drone, shown in Fig.3. For comparison, we conducted EMI
measurement as well in the same site. We used EM38 in the
vertical mode.

The calibration, i.e., determining the global reflection and
transmission coefficients of the antenna, was conducted over
a lake, whose properties are knows (e.g., the temperature
and the electrical conductivity). Seven measurements were
performed at different flying heights over the lake, with which
the antenna characteristic functions are obtained by solving
a matrix equation based on Eq.(2). In the inverse model, or
the LUT, b = [σ, h, ε]. 0 mS/m ≤ σ ≤ 100 mS/m with a
step of 1 mS/m, 4 m ≤ h ≤ 8 m with a step of 0.01 m,
and εr is set to only 2 values, i.e., 10 and 20 as discussed in
configuration a, resulting in a 3D LUT and 81002 calculations.
Kriging interpolation was used to get the drone-GPR and EMI
maps.

The soil conductivity maps obtained by the drone-borne
GPR and EMI are shown in Fig.4. Measurements were con-
ducted in winter (Fig.4(a, c)) and summer (Fig.4(b, d)). There

is a good agreement between the two maps of the drone-
borne GPR (Fig.4(a) and (b)), the soil conductivity becoming
higher from the southwest to the northeast. From both drone-
GPR and EMI maps, we observe that the soil conductivity is
higher in winter than in summer. However, opposite variations
are observed from the drone-GPR and EMI maps, and the
conductivity measured by EM38 is lower than by GPR. For the
drone-borne GPR maps, the high conductivity is the northeast,
while for EMI, it is the southwest. The different results
between the two techniques is likely to originate from the
two different sensitivity depths due to the different detection
depth of the methods (0.5 m for GPR and 1.5 m for EMI) in
relation to the local soil pedology.

Fig. 3. Prototype drone-borne GPR and drone for soil electrical conductivity
mapping.

Fig. 4. Soil conductivity map in the Ferme de Lauzelle, Belgium, measured
by drone-GPR on (a) 11/25/2020, (b) 06/25/2021, and (c) by EMI (EM38)
on 11/25/2020, (d) 06/25/2021. Coordinates are in WGS72/UTM zone 31N
(m).
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V. CONCLUSION

In this study, we conducted numerical experiments to in-
vestigate the possibility of soil electrical conductivity mapping
using low-frequency drone-borne GPR and full-wave inversion
method. Specifically, we analysed the sensitivity of the soil
permittivity and conductivity within the low-frequency (15-45
MHz) through the objective function. Then we find out the
sensitivity depth by building a two-layered medium model. It
is concluded that the soil electrical conductivity is sensitive
enough to be retrieved using full-wave inversion within the
frequency range 15-45 MHz, with detection depth of around
0.5 m. Yet, permittivity still affects the results in that frequency
range. Field experiments were also performed. The correspon-
dence between two measurements proved the feasible of soil
conductivity mapping using drone-borne GPR and full-wave
inversion. The opposite results of EMI would mainly result
from the different characterization depths. Our future work
will focus on the validation by using other techniques for
soil conductivity characterization, e.g., conducting EM38 in
the horizontal mode or ERT measurement to obtain a similar
characterization depth and scale.
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