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Abstract

For electricity distribution companies, being able to accurately detect the position of buried power cables using

nondestructive methods is a crucial issue. The most important issue is the localization of the junction part linking

the cables to each other where most maintenance operations are carried out. In this work we have conducted

a feasibility study to confirm the relevance of high frequency Ground Penetrating Radar (GPR) to detect these

buried junctions in their environment despite the clutter. The cables are buried in an inhomogeneous Earth

medium at about one meter deep. Consequently, we have optimized a folded bowtie antenna to fit the frequency

band [0.5GHz - 3GHz]. Then a rigorous model of the cable is considered in the numerical study using the optimized

antenna in a bi-static configuration. A full wave electromagnetic simulation software (CST MWS) has been used to

study the detectability of the junction within dry and wet homogeneous sands then a classical Kirchhoff migration

technique has been used to process the data and localize the junction. Finally, our analysis has been validated by

measurements at a test site (real environment) to show the efficiency of the proposed analysis. The measured data

are also post-processed using a digital filtering technique for clutter reduction and visibility enhancement of the

buried cable.

Keywords: Ground penetrating radar; Ultra Wide band antenna; Full-wave electromagnetic simulation;

migration

1. Introduction1

Ground penetrating radar (GPR) is a well-known non-invasive system used for identification and localization2

of buried cables, pipes and targets [1]. It is based on radars using electromagnetic waves to illuminate the ground3

using specific antennas. Echoes are collected and analyzed in order to image the underground. The wave propagates4

through it and when it reaches an electromagnetic contrast, the scattered field collected by the receiving antenna5

contains dielectric and geometric information about this contrast. Thanks to such information content of the signal,6

GPR is used in civil engineering [2], transport applications and road diagnostics [3–5], and soil moisture mapping7

[6–10]. GPR techniques are also used on masonry building to locate metal reinforcement [11, 12] or for mapping8

of archeological sites [13]. Using GPR, rebar position and depth can be evaluated with good accuracy [14–18]9

however, their diameters are difficult to estimate [17].10

In the following, we will focus our work on the detection and localization of the junction that connects two or11

more buried power cables using a GPR system and the collected B-scan along the latter. The junction is represented12
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(a) (b)

Figure 1: (a) A photography of the junction of underground electrical cables, (b) The junction detailed description for the electromag-

netic modeling purpose, the junction length is 40 cm

as the part of the power cable with a diameter outgrowth of 50% compared with the one of the cable. Such a13

diameter variation modifies the scattered field enough to distinguish the junction from the cable. The power cables14

are usually buried at 1m depth in sandy environments (εr ∼ 4) and an example of real buried junction is presented15

in Figure 1 were geometric details are provided. This is one of the smallest junction used by Electricité De France16

Company (EDF). This work, aims at showing that a wide band GPR system covering the frequency band [0.5GHz17

- 3GHz] can allow us to reach the needed resolution (3 cm) to distinguish the contrast between the scattered fields18

due to the cable and the junction.19

Thanks to the help of a full wave software (CST MWS) and its Finite Integration Technique a folded bowtie an-20

tenna operating at the frequency band [0.5GHz, 3GHz] has been optimized and various scenarios have been studied21

either in terms of embedding Earth medium (dry/wet sand) or in terms of polarization (parallel/perpendicular).22

The geometric and electric description of the power cable embedded in a homogeneous dry or wet sandbox re-23

spectively are considered in the numerical model and the optimized antenna is used as transmitting and receiving24

structures. In fact, the authors of [19–26] have underlined the importance of the incident field modeling on the25

GPR imaging results. The corresponding received signal (S21) in a bi-static configuration along the buried scanned26

cable is then collected and treated using various filters in order to remove the clutter. Finally, the measurements27

are realized inside a controlled area of “EDF - R&D” company with the laboratory of electrical material at Moret28

sur Loing site where multiple cables are buried and where the presented GPR study has been validated. The paper29

is organized as follows: section 2 is dedicated to describing the designed antenna. Section 3 proposes the full-wave30

simulation results for the junction detectability. Section 4 focuses on the on-site measurement results conducted at31

Moret sur Loing. Finally, a conclusion is drawn to outline the interest of the conducted study for utilities detection32

and localization in section 5.33

2. The GPR antenna structure34

Ultra wideband antennas are widely used for GPR applications [27, 28]. These antennas can be TEM horn35

[29], biconical antenna [30], the bowtie, the lumped element loaded antennas [31]. Here an optimized fractal folded36

bow-tie antenna for on-ground GPR has been chosen. This antenna is used in the vicinity of the soil (proximal37

antenna). Such an antenna belongs to the dipole antennas family, which is efficient and easy to design since the38

input port impedance depends on the flare angle of the bowtie. We have optimized the antenna with its symmetric39

excitation (BALUN) for the frequency band [0.5GHz – 3GHz]. The geometrical description of the antenna is given40

in Figure 2 where the BALUN is also described. The antenna has been optimized in free space using the transient41
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(a)

(b)

Figure 2: (a) V-Folded Bowtie Antenna (VFBA) description, (b) the cavity backed VFBA description.

solver provided by CST MWS and the measured reflection coefficient (S11) of the realized antenna is presented in42

Figure 3. In order to prevent the back-radiation of the antenna we need to transform it to unidirectional one. We43

can use a cavity as specified in many papers among which [32, 33] where a large cavity in comparison with the44

bowtie antenna size has been used. However, such a solution is not adapted to the GPR application since the size45

of the cavity has to be comparable with the size of the antenna as presented in [34]. Nevertheless, the use of the46

cavity is inevitable because of the electromagnetic energy radiated from the back of the bow-tie antenna. Without47

a shielding around the antenna, the interferences with the external parasitic electromagnetic perturbations reduce48

significantly the signal to noise ratio of the measured data. In fact, the metallic cavity brings the protection to the49

GPR antennas and without a specific precaution, the coupling between the antenna and the shielding cavity will50

inevitably deteriorate the antenna matching.51

In this paper we propose, besides using the cavity filled with absorbers, to bend the fractal bowtie antenna (as52

shown in Figure 2) to enhance the directivity of the antenna in the frequency band of interest [0.5GHz – 3GHz].53

The idea of bending the antenna is inspired from TEM antennas as depicted in [35].54

The 30◦ bended antenna is labeled V-Folded Bowtie Antenna (VFBA). As shown in Figure 3, the VFBA S1155

is presented and compared with the S11 of the VFBA with the shielding cavity filled with absorbers. The cavity56

backed VFBA presents S11 < −10 dB for the frequency band [0.75GHz – 3GHz] and the cavity filled with absorbers57

did not disturb significantly the VFBA reflection coefficient (S11) over the frequency band [0.75GHz – 3GHz].58
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Figure 3: The measured reflection coefficients (S11) of the cavity backed VFBA and the VFBA.
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Figure 4: Permittivity of the sand used for the electromagnetic simulation, (a) dry sand, (b) wet sand.

3. The electromagnetic modelling of the GPR scene59

From now, the optimized VFBA will be used as transmitter and receiver to illuminate the scene and collect60

the scattered field due to a buried cable in dry or wet sands. The permittivity of wet sand is defined for 20%61

humidity. The permittivity values used for our simulation are predefined in the CST MWS library and their real62

and imaginary part are given in Figure 4 whereas the GPR scene modeled in our study is described in Figure 5.63

Keeping the simulation time reasonably short (about 4 hours per antennas position) the cavity filled with absorbers64

for the antennas as shown in Figure 5 has not been considered. For the simulation of the GPR scene, we have used65

the transient solver of CST MWS with hexahedral meshing based on the spatial criterion dx = dy = dz = λ/1266

where λ is calculated for the frequency 1.5GHz. The total number of used mesh cells is 29 million for two VFBA67

placed in front of a sand volume of 1100mm depth, 660mm width and 1670mm length.68

The simulation is running on PC with 32 GByte RAM, over Intel Xeon CPU E5-1650 V3 3.5GHz. The excitation69

pulse is sent to the antenna via the coaxial connector of the BALUN and the simulation is stopped after 50 ns. For70

each position along the cable, this simulation takes 3h45min. In order to work with reduced size sandbox volume71

perfect matched layers (PML) have been used to prevent the echoes produced by the borders of the sand volume.72

For the case of dry sand scene, PML are placed around the sand volume to simulate an infinite sandy environment.73

For the case of a wet sand, the PML predefined in the CST software cannot deal with a dispersive environment and74
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Figure 5: (a) The simulation configuration with the buried cable, the sandy environment and the transmitting and receiving antennas,

(b) description of the up-view of the simulation configuration associated with the polarization of the transmitting and receiving antennas
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this is why an intermediate layer (IL) with a permittivity equal to the frequency-averaged value of the amplitude of75

the wet sand permittivity has been added. Adding the PML over the IL greatly helps in echoes attenuation. The76

PML play their role correctly since these have been defined for the IL containing non-dispersive material (Figure77

5). We have optimized the thickness of the IL using CST MWS in order to reduce the echoes produced by the sand78

volume limitations. The IL thickness optimization is not the main subject of the present study and will not be79

detailed in the following however in our case a value of 3 cm has allowed a sufficient reduction (cancellation is not80

reached) of the echoes produced by the sandbox borders. Another solution would have been to use a larger sandy81

volume and filter out the echoes but with an important increase of the CPU time (more than 12 hours calculation82

per antenna position for the double of the sand volume) with respect to the proposed solution.83

The efficiency of the proposed solution for the echoes cancellation due to the sandbox boundaries is demonstrated84

by comparing the results of background modeling (the field without the buried cable) in three configurations. In85

configuration C-1 a wet sand volume placed in free space without perfect matched layers nor intermediate layers is86

considered, then configuration C-2 is defined as a wet sand with PML around the sand volume then configuration87

C-3, where a wet sand volume with the PML and IL as presented in Figure 5 is used. The electromagnetic88

simulations are carried out in the time domain and the transmitting antenna is excited using the second derivative89

of the Gaussian signal. The excitation signal is expressed as90

e (t) = −

[
4α2

(
t− t0
τ

)2

− 2α

]
exp

[
−α

(
t− t0
τ

)2
]

(1)

and its spectrum normalized at f0 = 1.5GHz are presented in Figure 6 for τ = 2× 10−10 s , α = 0.85/τ2 and91

t0 = 15τ which covers the antenna frequency band [0.5GHz - 3GHz].92

For each antennas measurement position (A-scan), the receiving antenna collects the field scattered by the sand93

volume and the transmission coefficient S21 is exploited to construct the radargram presented in Figure 7a. The94

center of the sandbox is considered as the origin of the axis and the scanning is carried from [−0.5m, 0.5m] with95

a displacement step of 5 cm.96

As shown in Figure 7b, the combination of the PML and the IL (C-3) reduces significantly the echoes resulting97

from the limitation of the sand volume whereas in configurations C-1 and C-2 those echoes are still visible (mainly98

the echoes related to the bottom of the sand box around a depth of 1.2m). For the three configurations, the cross-99

talk between the transmitting and receiving antennas is seen in Figure 7b where the A-scan corresponding to the100
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Figure 7: (a) The background modeling (Einc) for C-1, C-2, C-3 configurations (b) the A-scan of the central position ymeas = 0 for

C-1, C-2 and C-3 configurations.
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Figure 8: B-scan radargrams for Etot, Etot − 〈Etot〉, filtered Etot, for parallel configuration with wet sand.

central position ymeas = 0m for C-1, C-2 and C-3 are compared, as seen in the zooming part the C-3 configuration101

is efficient for the echoes attenuation. In the following, only the combination of the PML and IL will be considered.102

Now a numerical study of the influence of the transmitting and receiving antennas polarization on the buried103

cable detection is performed. In Figure 5b an upper-view of the antennas disposition above the sandbox is depicted.104

In the first situation, the transmitting and receiving antennas are placed in order to align the polarization of the105

incident field with the buried cable and consequently the impinging E-field polarization is parallel to the scan106

direction along the cable (parallel configuration). In the second situation, the antennas are positioned so that the107

incident E-field is polarized perpendicularly to the scan direction (perpendicular configuration).108

Using CST MWS to model the scene presented in Figure 5 for a wet sand leads to the B-scan radargrams109

presented in Figure 8 for the so-called parallel configuration. The total field (Etot) represents the measured field110

over the sandbox in the presence of the buried cable. From the Etot B-scan radargram, two clear echoes zones are111

identified, the first one is due to the antennas cross-talk combined with the air-soil interface whereas the second one112

is linked to the buried cable position. In order to get access to the scattered field, background removal techniques113

are needed to isolate the signature of the buried cable. Among them, two have been used in the following. The first114

one is one of the procedures described in [1] for clutter reduction by the GPR community, where the radargrams115

resulting from Etot − 〈Etot〉 where 〈Etot〉 means averaged value of the B-scan radargram of Etot is used. The116

second one is the digital filtering technique proposed in [36], which is based on the design of a digital filter adapted117

to the B-scan. The high-pass filter to design aims at eliminating the clutter component in the spectral domain.118

The filtered radargrams are presented in Figure 8. These two clutter reduction techniques have shown comparable119

radargrams.120

Four situations corresponding to dry and wet sand for parallel and perpendicular polarizations are studied and121

the corresponding radargrams are presented either for Etot−〈Etot〉 and for filtered Etot in Figure 9. In all of them122

three areas can be identified in the signature of the buried cable. The first and the last areas corresponding to the123

scanning positions 0.25m < ymeas < 0.5m and −0.5m < ymeas < −0.25m characterize the echoes due to the cable.124

The in-between second area shows the echoes due to the central part of the cable (junction) located at |ymeas| ≤ 0.2m125

. The sloping parts of the cable junction (Figure 5) produce the echoes situated between (0.2m < ymeas < 0.25m126

and −0.25m < ymeas < −0.2m). The magnitude of the echoes gives qualitative information about the position of127

the junction. In Figure 9 the cable junction is located at |ymeas| ≤ 0.2m corresponding to the maximum magnitude128
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of Etot − 〈Etot〉 and of the filtered Etot.129

As it is seen in Figure 9, the amplitude of the echoes resulting from dry sand are higher than for wet sand due130

to the higher propagation losses of the latter. As expected, the parallel antenna polarization produces higher level131

echoes compared with the perpendicular one. Based on these four studied situations, a common conclusion arises;132

the outgrowth of the cable diameter (junction position) is characterized by stronger echoes which are localized at133

|ymeas| ≤ 0.2m placed at 80 cm depth. When the antenna polarization is parallel to the cable, the impinging E-field134

is better coupled to the buried target, which increases the scattered echoes amplitude. On the contrary, in the135

perpendicular polarization, the coupling between the impinging E-field and the buried cable is lower, leading to a136

lower signature of the cable and its junction. As a conclusion and as expected in wet sand media, the radargram137

resolution is better and the parallel polarization is more efficient for the junction localization due to the strongest138

echoes amplitude.139

In order to have a better understanding of the behavior of the B-scan radargram at the intermediate area between140

the junction and the cable around ymeas = ±0.25m the A-scan signals of Etot at the positions ymeas = 0m (junction),141

ymeas = 0.25m (transition part) and ymeas = 0.4m (cable) are compared in Figure 10. Comparing the E-field for142

the two polarizations at the junction central position (ymeas = 0m) shows that the signal of parallel polarization143

results in a stronger signature. The outgrowth of the cable diameter at the junction position (ymeas = 0m) justifies144

the differences between the E-field signals at the positions ymeas = 0m and ymeas = 0.4m. In Figure 10, the A-scan145

signals show that the signal amplitude is proportional to the size of the scattering part of the cable. The position146

ymeas = 0m corresponds to the largest diameter (74mm), ymeas = 0.4m corresponds to the smallest diameter147

(48mm) and the position ymeas = 0.25m is the intermediate region between the junction and the cable where the148

diameter is between 48mm and 74mm.149

Finally, for imaging purpose a Kirchhoff migration technique [37–42] has been applied to the data of Etot−〈Etot〉150

and filtered Etot and the results are shown in Figure 11. The buried cable and its junction are clearly identified151

either for dry sand or wet one and either for parallel polarization or for perpendicular one.152

As a conclusion the simulation analysis of the GPR scene composed of a cable buried in a sandbox respecting153

different polarizations and for two commonly existing environments: dry sand and wet sand with 20% humidity is154

proposed. The actual fractal V-folded bowtie antennas (VFBA) are used in a bistatic configuration for transmitting155

and receiving the electromagnetic field in the frequency band [0.5GHz – 3GHz]. Up to here the electromagnetic156

(EM) modeling taking into account the coupling between the antennas and the sandbox was the main interest.157

The EM modeling has proven that the cable junction is detectable using a GPR technique in the frequency band158

[0.5GHz - 3GHz]. The results presented for Etot are not trivial for the localization of the junction, however, using159

Etot − 〈Etot〉 and filtered Etot the junction can be localized. The filtering technique is simply implemented for160

efficient clutter reduction as presented. In addition, the Kirchhoff migration technique has shown good results for161

the localization of the junction based on a unique B-scan along the buried cable. In the next part, the results with162

experimental on-site measurements will be carried out in a real (even if controlled) environment.163

4. On-site measurement results164

We have carried out a measurement campaign inside a controlled area in “Electricité De France - R&D” company165

with the laboratory of electrical material at Moret sur Loing site (EDF lab Les Renardières). The photography166
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Figure 9: (a) B-scan radargram of Etot−〈Etot〉 for the 4 studied situations: dry/wet (top/bottom), parallel/perpendicular (left/right)

polarizations (b) B-scan radargram of Filtered Etot for: dry/wet (top/bottom), parallel/perpendicular (left/right) polarizations.
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Figure 10: (a) Bscan radargram of the total field corresponding to the four studied situations. (b) Comparison of A-scan at ymeas =

0, 0.25, 0.4m.

of this site is depicted in Figure 12 and shows the measurement area and cables before being buried. The cables167

are placed at around 1m depth from the soil surface and the covers seen in the photography are removed before168

burying the entire scene. We scanned over 4m along a cable as shown in Figure 12, where the junction is localized169

with the wooden stick (preserved after burying the cables) seen at the right of the photography.170

As seen in Figure 12, the buried cables are not identical to the simulated one; they are gathered by pair and171

have a larger diameter (total diameter of about 90mm) and the junction we are investigating is also larger since172

it contains the junctions of two cables. The diameter of the buried junction is around 200mm. The Frequency-173

Stepped Continuous Wave (FSCW) GPR technique has been used to measure the scattered field using the cavity174

backed V-folded fractal bowtie antennas and the vector network analyzer Agilent ENA E5071 in the frequency175

band [0.1GHz - 3.1GHz] over 1201 frequency points (Figure 13). Then the frequency domain data are transformed176

to extract the B-scan radargram according to the pulse previously depicted in Figure 6. For each measurement177

position along the cable the controlling computer acquires the transmission parameter S21. The measurement data178

are collected along the scanning line presented in Figure 12 and the network analyzer has been calibrated before179

starting the scan. The antennas are moved manually step by step along 4m with a displacement step of 5 cm.180

Unlike the simulation study the surface of the soil is not flat and the soil is not homogeneous.181

In order to evaluate the wave velocity in the ground, we have collected a sample of the soil and we measured182

the permittivity in the frequency band of interest using a coaxial probe in the laboratory. The results are shown183

in Figure 14. The measured real part of the permittivity of the soil is about 2.69 and the imaginary part is about184

0.07. Using the same permittivity measurement technique, we have measured the permittivity of the air as a185

reference. Indeed, the average of the measured real part of the air permittivity is about 1.04 and the imaginary186

part is about −0.006. These measurement results are used in the B-scan radargram representation to achieve the187

time to distance transformation for the cable and junction localization. The measurement has been conducted in188

July with a dry soil.189

The B-scan is obtained for the parallel and perpendicular polarizations. The radargrams are presented in190

Figure 15. In comparison with the simulation results, the clutter in the radargrams for Etot is higher mainly191
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Figure 11: Kirchhoff migration resulting from 4 situations associated with (a) Etot − 〈Etot〉 (b) Filtered Etot.
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Figure 12: The measurement area at EDF-lab.

Figure 13: (left) Vector Network Analyzer and controlling computer, (right) transmitting and receiving antennas cavity backed V-folded

bowtie antennas.
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Figure 14: Measured epsilon of a sand sample collected at the measurement site, (left) real part, (right) imaginary part.

caused by the soil heterogeneities. In addition, the antennas response is differently coupled with the non-flat soil.192

Using the cavity-backed antennas we prevent the external environment coupling, however we distort the shortness193

of the antenna transient response. Based on the radargram of Etot, the cable silhouette is clearly visible between194

1m and 1.4m depth and the junction corresponds to the brightest zone at 1m depth at the measurement position195

0.5m. This is applicable for both parallel and perpendicular polarizations.196

We have focused our effort on the clutter reduction in the depth range 0.8m < depth < 1.6m. After time197

gating the measured signal, we have used two techniques for clutter reduction. First the averaging technique to198

cancel a part of the clutter as presented in Figure 15, Etot − 〈Etot〉 applied for 0.8m < depth < 1.6m considerably199

reduced the clutter and the cable is easily identified. In a second time, we have used the digital filtering technique200

proposed in [36] with the same conclusion. Both techniques help at enhancing the detectability of the buried cable201

and consequently the junction is localized at 1m depth at the measurement position ymeas = 0.5m as expected.202

The parallel polarization is more efficient that the perpendicular one which confirms the simulation results.203

In Figure 16, we present the imaging results of the Kirchhoff migration technique resulting from the measurement204

data. As it is seen, in the parallel configuration the cable and its junction are easily identified using Etot − 〈Etot〉205

and filtered Etot. However, in the case of cluttered data, the cable is hardly detectable after the Kirchhoff migration206

for the perpendicular configuration.207

5. Conclusion208

In this paper we have shown that the high frequency GPR technique is an efficient non-destructive technique able209

to accurately detect the location of the buried power cables. Using a unique B-scan measurement along the cable,210

the junction is clearly detected against the cluttered environment. As a priori information we know the position211

of the cable. We have considered a complex GPR scene for our electromagnetic modeling study comprising the212

actual antennas. Comparison between experimental data (anechoic chamber) and synthetic data either computed213

using CST-MWS or using a laboratory-made software based on Discontinuous Galerkin Time-Domain method are214

presented in [43, 44] and has not been reproduced here.215

First, we have optimized the fractal V-folded bowtie antenna for the frequency band [0.5GHz - 3GHz]. Then,216

we have presented the scattered field of a buried cable using a rigorous model of the cable provided by Electricity De217
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Figure 15: B-scan radargrams of Etot, Etot − 〈Etot〉 and filtered Etot corresponding to parallel polarization in (a) and perpendicular

polarization in (b).
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Figure 16: Kirchhoff migration results of Etot, Etot − 〈Etot〉 and filtered Etot for parallel (a) and perpendicular (b) configuration.

France R&D. Two homogeneous burying environments have been used (wet and dry sands) which is a simplification218

of the real soil. However, the measurement campaign carried out in the actual environment have proved that high219

frequency GPR technique is an efficient tool for the buried cables detection. For the clutter reduction we have220

exploited two different methods that bring the same enhancement to the measured B-scan. Based on experimental221

data collected at the measurement site, the cable is localized if its depth is greater than 0.5m. Indeed, the clutter222

due to the antenna response ringing and the soil inhomogeneity, engender parasitic oscillation that are hardly223

filtered. For shallowly buried cable, this technique is not efficient. Also, the polarization of the transmitting and224

receiving antennas has been investigated. Parallel polarization is recommended for use since the scattered field is225

higher.226

From the antenna point of view, the VFBA is bent so the distance between the excitation part of the antenna227

(central part) and the soil is about 7 cm, which helps to keep the antenna matching stable even in front of a wet228

environment. The risk of placing the antenna in front of high conductive medium is that the reflected signal is229

strong enough to mismatch the antenna excitation. Consequently, the energy accepted by the antenna is reduced.230
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