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Abstract 10 

 11 

The ExoMars 2022 rover mission has been designed to search for traces of life, past or present, on Mars and 12 

more specifically below its hostile surface. This will be the first mission able to collect samples down to 2 13 

meters in the Martian subsurface, where organic molecules and bio-signatures may be preserved. The images 14 

of the subsurface (or radargrams) provided by the ground penetrating radar WISDOM onboard the ExoMars 15 

rover will be key to select the safest and scientifically most relevant locations for drilling. However, the 16 

vertical resolution of WISDOM radargrams is limited (to ~5.5 cm in a typical soil of dielectric constant 4) by 17 

the bandwidth of the instrument when applying classical processing techniques. Here we propose to enhance 18 

WISDOM radargrams vertical resolution by implementing the Bandwidth Extrapolation (BWE) technique. 19 

We demonstrate that this technique yields an improvement of WISDOM vertical resolution by a factor of 3 20 

while well preserving the time of arrival and amplitude of the detected echoes. We validate the BWE technique 21 

on synthetic data before applying it to experimental observations acquired both in controlled and natural 22 

environments. The resulting super-resolved radargrams greatly improve our understanding of the investigated 23 

terrains with a better separation of echoes from underground reflectors, and demonstrate the value of 24 
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implementing the BWE technique in the WISDOM data processing pipeline which will ultimately provide 25 

images of the Martian subsurface down to a few meters depth with a vertical resolution of ~2 cm in typical 26 

soils. 27 

 28 
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 31 

1. Introduction 32 

In the last decades, radar sounders operated from orbit have opened a third dimension in the exploration of 33 

the solar system by revealing the subsurface of a few planetary bodies bringing new clues on their geology 34 

and history: the Moon with the Lunar Radar Sounder (LRS) onboard the Kaguya mission (JAXA) (Kobayashi 35 

et al., 2012), the nucleus of comet 67/P with the CONSERT radar onboard the Rosetta mission (ESA) (Kofman 36 

et al., 1998), and Mars which has been scrutinized by two sounding radars for many years, namely MARSIS 37 

onboard Mars Express (ESA) (Picardi et al., 2005) and SHARAD onboard the Mars Reconnaissance Orbiter 38 

(MRO/NASA) missions (Seu et al., 2004). In addition, even if not designed as a subsurface sounder, the radar 39 

onboard the Cassini spacecraft (NASA/ESA/ASI) (Elachi et al., 2005) has provided insights into Titan’s 40 

subsurface and in particular the first bathymetry profile of an extra-terrestrial (methane-rich) lake 41 

(Mastrogiuseppe et al., 2014). These radars are all operated from orbit and therefore bring clues on the 42 

subsurface structure and composition at large scale, with horizontal resolutions typically ranging from a few 43 

tens of meters to a few hundred meters, depending on their bandwidth and operating frequencies (Ciarletti, 44 

2016 for a review). 45 

Sounding the subsurface at a much smaller scale to understand the local geological context is possible with 46 

ground penetrating radars (GPR) operating from the surface. In 2013, the Chang’E 3 mission carried such a 47 

GPR, the Lunar Penetrating Radar (LPR) (Fang et al., 2014), which probed the shallow lunar subsurface (down 48 
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to almost 100 m) with a vertical resolution better than 30 cm (Zhan et al., 2014). This pioneer instrument was 49 

followed by another LPR onboard Chang’E 4 which investigated the subsurface of the far side of the Moon. 50 

Mars will be the next target of on-surface GPRs with two of them to launched in 2020 and to be launched in 51 

2022: the RIMFAX (Radar Imager for Mars’ Subsurface Experiment) radar (Hamran et al., 2014) onboard the 52 

Mars 2020 (NASA) Perseverance rover, the Subsurface Penetrating Radar (Zhou et al., 2016) onboard the 53 

Tianwen-1 rover (CNSA),  and the WISDOM (Water Ice Subsurface Deposits On Mars) radar (Ciarletti et al., 54 

2017, 2011) onboard the ExoMars (ESA/ROSCOSMOS) Rosalind Franklin rover. WISDOM has been 55 

designed to investigate the subsurface of Oxia Planum down to several meters and with a vertical resolution 56 

of a few centimetres, while RIMFAX should be able to probe greater depths (tens of meters) on the Jezero 57 

crater region but with a coarser resolution of a few decimetres. The Subsurface Penetrating Radar of the 58 

Tianwen-1 mission will perform soundings with a low-frequency and a high-frequency channels, the high-59 

frequency being able to sound the Martian subsurface to a depth of a few meters, with a resolution of a few 60 

centimetres. This study is dedicated to the WISDOM GPR selected for the ExoMars rover mission. 61 

ExoMars is an ESA (European Space Agency) / ROSCOSMOS (Russian Space Agency) mission. It will 62 

land in 2023 a rover and a surface platform in Oxia Planum, a geologically old plain of Mars (18.3°N 63 

335.4°E), to complement the TGO (Trace Gas Orbiter), in orbit since 2016, which was the first step of the 64 

ExoMars program. The main objective of the Rosalind Franklin rover is to seek out traces of past or present 65 

life on Mars. Mars being subject to strong radiation levels and oxidation, if such traces still exist, they would 66 

likely be in the subsurface (Hassler et al., 2014). To reach them, the rover is equipped with a drill able to 67 

collect 3cm-long samples down to 2 meters in the subsurface (Magnani et al., 2010). These samples will be 68 

then analysed by a suite of analytical instruments in the rover body (Vago et al., 2017). The selection of safe 69 

and scientifically relevant drilling sites requires information on the structure and properties of the Martian 70 

subsurface prior to drilling. Two instruments onboard the Rosalind Franklin rover are specifically dedicated 71 

to this goal: the neutron spectrometer ADRON-RM (Autonomous Detector of Radiation of Neutrons On-72 

board Rover at Mars) (Mitrofanov et al., 2017) that will provide information about the abundance and 73 

distribution of water in the shallow Martian subsurface along the rover path, and the GPR WISDOM.  74 
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WISDOM has been designed by the LATMOS (Laboratoire Atmosphères, Milieux, Observations Spatiales, 75 

France), the TUD (Tecnische Universtät Dresden, Germany) and the LAB (Laboratoire d’Astrophysique de 76 

Bordeaux, France) to unveil the structure and dielectric properties of the Martian subsurface below the 77 

ExoMars rover down to a likely maximum depth of ~3 m in a lithic environment with a vertical resolution of 78 

a few centimeters. In the context of searching for a drilling place to collect 3-cm long samples (Vago et al., 79 

2017), this latter parameter is key. However, the range resolution of a radar is limited by the instrument 80 

bandwidth (2.5 GHz in the case of WISDOM). In this paper, we describe how to expand the nominal 81 

bandwidth of WISDOM and therefore to improve the instrument resolution, by implementing in the data 82 

processing chain a super-resolution method called the Bandwidth Extrapolation (BWE) technique. 83 

The BWE technique was proposed by the Radar Imaging Technique group of the Lincoln laboratory. The 84 

concept was introduced by S. B. Bowling (Bowling, 1977) and then further developed by K. M. Cuomo 85 

(Cuomo, 1992) who applied it to radar data. Moore et al. (1997) then applied it to SAR imaging. More recently, 86 

the technique has been used to enhance resolution in planetary radar imaging, for example to improve the 87 

bathymetric capabilities of the Cassini Radar instrument (Mastrogiuseppe et al., 2014) and the stratigraphic 88 

analysis of the Martian polar ice sheets using SHARAD/MRO dataset (Raguso et al., 2018). 89 

Following such promising results, we have adapted and applied the BWE technique to WISDOM data. In this 90 

paper, we briefly introduce the instrument and its performances in term of range resolution. Then, we present 91 

the BWE technique, and its integration to the WISDOM data processing chain. The method is eventually 92 

applied to WISDOM experimental data collected both in controlled, semi-controlled and natural 93 

environments. 94 

 95 

2. The WISDOM instrument 96 

2.1 The WISDOM ground penetrating radar 97 

WISDOM is the ground penetrating radar mounted onboard the rover of the ExoMars mission (Vago et al., 98 

2017). It is a polarimetric Stepped Frequency Continuous Wave (SFCW) radar operating in the UHF (Ultra 99 
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High Frequency) frequency domain and designed to investigate the first meters (typically 3-10 m below the 100 

surface) of the Martian subsurface with a centimetric vertical resolution. When performing a sounding, 101 

WISDOM transmits and receives a series of 𝑁 = 1001 harmonic signals of frequencies 𝜈𝑘 between 𝜈𝑚𝑖𝑛 = 0.5 102 

and 𝜈𝑚𝑎𝑥 = 3 GHz separated by a constant frequency step of ∆𝜈 = 2.5 MHz.  103 

 𝜈𝑘 = 𝜈𝑚𝑖𝑛 + (𝑘 − 1)∆𝜈 (1)  104 

Only the real part of the return signal is measured by the instrument, and the complex form is derived via 105 

Hilbert transform before applying an Inverse Fast Fourier Transform (IFFT) to obtain the response of the 106 

sounded volume. In the time domain, each reflector generates an echo which is characterized by a propagation 107 

delay (that can be then converted in distance with assumption on the velocity of the wave in the sounded 108 

material) and an amplitude. Since WISDOM antennas are looking downwards at the surface and, while echoes 109 

can sometime be generated by off-track reflectors, the retrieved distances are commonly and improperly 110 

interpreted as depths. In the following, for the sake of simplification, we represent radargrams in the terms of 111 

depth and vertical resolution assuming a value of dielectric constant, rather than range and range resolution. 112 

During operations on Mars in areas of potential interest, WISDOM will acquire soundings every 10 cm along 113 

the Rosalind Franklin rover path. These measurements will then be horizontally stacked to form a radar 114 

product called “radargram”. A radargram can be regarded as a slice of an image of the subsurface volume, 115 

where reflections represent variations in permittivity. In order to ease the Rosalind Franklin rover movements, 116 

the WISDOM system has been designed in an air-coupled configuration. The antennas are indeed mounted 38 117 

cm above the ground, which results in the presence of surface echoes in WISDOM radargrams in addition to 118 

potential subsurface signals. Lastly, WISDOM has polarimetric capabilities, it can provide radargrams in four 119 

polarisation modes (HH, HV, VH, VV) (Plettemeier et al., 2009). 120 

Both WISDOM antennas and electronic unit systems have been calibrated and integrated to the ExoMars rover 121 

in 2019. The instrument is expected to be operative on Mars in March 2023, see (Ciarletti et al., 2017) for a 122 

detailed description. A data processing pipeline has been developed to automatically generate the radargrams 123 

and assist in their interpretation in terms of underground structure and composition (Hervé et al., 2020). 124 
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 125 

2.2 WISDOM vertical resolution 126 

As previously mentioned, WISDOM is in charge of providing information that will help the mission’s 127 

scientific team to identify the very layer where to take a sample. In order to achieve this goal, the instrument 128 

requires a vertical resolution commensurate with the 3-cm length of the sample. 129 

The range resolution is defined as the shortest distance between two echoes that can be discriminated. In a 130 

horizontally layered subsurface, it corresponds to the smallest thickness that can be resolved by the instrument. 131 

As previously mentioned, WISDOM is operating in the frequency-domain over a frequency bandwidth 𝐵=2.5 132 

GHz and an Inverse Fourier Transform (IFT) is applied to the data to reconstruct the response in time-domain. 133 

A radar range resolution 𝛿𝑟 is limited by the width of the synthetic pulse obtained after IFT, which is inversely 134 

proportional to the effective bandwidth of the instrument. In the time domain, two echoes of a same amplitude 135 

are commonly considered as resolved if the time delay between them is superior to half the effective pulse 136 

width. For a pulse width at -6 dB, in a material having a dielectric constant of 휀𝑟, it follows:  137 

 𝛿𝑟 = 1.21 
𝑐

2𝐵√𝜀𝑟
 (2) 138 

where c is the speed of light in vacuum (National Instruments Inc., 2009). 139 

Commonly, IFT process involves the use of a window to reduce side-lobe contribution, that could be 140 

misinterpreted. With the Hamming window used for this study, the resulting range resolution is degraded to 141 

~1.5 𝛿𝑟. The vertical resolution of WISDOM radargrams in a subsurface with a typical permittivity value of 142 

4 after windowing would therefore become ~5.5 cm which is slightly larger than the desired 3 cm. 143 

Lastly, it is also important to note that the resolution of the radargrams will also be affected by the roughness 144 

of the investigated surface and buried interfaces and by scattering due to heterogeneities within the subsurface 145 

volume. In addition, because absorption losses often increase with frequency, WISDOM high frequencies (2-146 

3 GHz) are more rapidly attenuated in the medium than smaller ones and the resolution therefore tends to 147 

decrease with depth (Hervé et al., 2020). 148 
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In the following section, we propose to implement the Bandwidth Extrapolation technique to extrapolate 149 

WISDOM spectra to additional frequencies, and therefore obtain a wider bandwidth that would result in an 150 

enhanced vertical resolution of the radargrams. 151 

 152 

3. Bandwidth Extrapolation technique applied to WISDOM data 153 

3.1 Extrapolation in frequency domain by an autoregressive (AR) linear model 154 

In the frequency domain, a point scatter inside a non-dispersive and lossless sounded volume would generate 155 

a sinusoidal signal and the spectrum S resulting from 𝐾 scatterers is expected to be a sum of sinusoids: 156 

 𝑆(𝜈) =  ∑ 𝐺𝑘 exp (
− 𝑗 4 𝜋 𝜈 𝑑𝑘

𝑐
)𝐾

𝑘=1  (3) 157 

where 𝜈 is the frequency, 𝑑𝑘 the distance between the k-th scatterer and the radar, and 𝐺𝑘 the amplitude of the 158 

return signal from the k-th scatterer. As previously explained, a WISDOM sounding consists in a set of 159 

spectrum values collected for N discrete frequencies 𝑠𝑘 = 𝑆(𝜈𝑘) where 𝜈𝑘 is given by equation (1). 160 

This sum of harmonic signals can be modelled by a linear autoregressive all-pole model (Kay and Marple, 161 

1981). Indeed, each sample of the frequency spectrum is the weighted sum of the previous samples for a model 162 

in the forward direction (see equation (4.a)) or of the following samples model for a model in the backward 163 

direction (see equation (4.b)). If p is the order of the model: 164 

For 𝑝 + 1 < 𝑛 < 𝑁 �̂�𝑛
𝑓 =  − ∑ 𝑎𝑖 𝑠𝑛−𝑖

𝑝
𝑖=1    (4.a) 165 

and 166 

For 𝑝 + 1 < 𝑛 < 𝑁   �̂�𝑛
𝑏 =  − ∑ 𝑎𝑖

∗𝑠𝑛+𝑖−𝑝
𝑝
𝑖=1    (4.b) 167 

where �̂�𝑛 is the n-th sample of the modelled frequency spectrum (indices f and b corresponding to “forward” 168 

and “backward” models), 𝑎𝑖 and 𝑎𝑖
∗ the i-th coefficient of the model and its complex conjugate, respectively.  169 
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For a given order 𝑝 of the model, the coefficients of the model are determined by minimizing the absolute 170 

value of the error between the available samples and their modelled values in the backward and forward 171 

directions which are, respectively: 172 

For 𝑝 + 1 < 𝑛 < 𝑁 𝑒𝑝
𝑓(𝑛) = 𝑠𝑛 − �̂�𝑛

𝑓 = 𝑠𝑛 +  ∑ 𝑎𝑖  𝑠𝑛−𝑖
𝑝
𝑖=1  (5.a) 173 

and 174 

For 𝑝 + 1 < 𝑛 < 𝑁   𝑒𝑝
𝑏(𝑛) =  𝑠𝑛−𝑝 − �̂�𝑛−𝑝

𝑏 = 𝑠𝑛−𝑝 + ∑ 𝑎𝑖
∗𝑠𝑛+𝑖−𝑝

𝑝
𝑖=1  (5.b) 175 

Therefore, for a frequency spectrum of 𝑁 samples and a given order 𝑝 for the model, the total energy 𝐸𝑝 of 176 

the residual has to be minimized in order to determine the coefficients of the model: 177 

 𝐸𝑝 =  
1

2
 ∑ (|𝑒𝑝

𝑓
(𝑛)|

2
+  |𝑒𝑝

𝑏(𝑛)|
2

 )𝑁
𝑛=p+1   (6) 178 

This process is known as the “Maximum Entropy Method” (Burg, 1967). It can be implemented using several 179 

algorithms, but only the Burg algorithm is considered in this study, as it has proved to guaranty the stability 180 

of the model, and performs better on experimental data than the others (Raguso, 2018). 181 

For the best model’s order, a value of 𝑝 = 𝑁/3 has been experimentally found to yield the best results (Cuomo, 182 

1992; Raguso, 2018) and is commonly used in literature. We will show in section 4.2 that this also applies to 183 

the WISDOM dataset. 184 

The idea of the Bandwidth Extrapolation technique is to use the model previously obtained from the available 185 

data (i.e., the order 𝑝 and 𝑎𝑖 coefficient values) to extrapolate the spectrum to frequency values outside the 186 

initial frequency range. Considering an initial frequency spectrum made of N samples, the (𝑁 + 1)-th sample 187 

can be estimated in the forward direction: 188 

 �̂�𝑁+1
𝑓 =  − ∑ 𝑎𝑖 𝑠𝑁−𝑖+1

𝑝
𝑖=1  for frequency 𝜈𝑁+1 = 𝜈𝑚𝑎𝑥 + ∆𝜈 (7) 189 

The same process can be performed in the backward direction,  190 

�̂�0
𝑏 =  − ∑ 𝑎𝑖

∗𝑠𝑖
𝑝
𝑖=1   for frequency  𝜈0 = 𝜈𝑚𝑖𝑛 − ∆𝜈 191 

leading to negative indices for extrapolation to even lower frequency   192 
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�̂�−1
𝑏 =  − ∑ 𝑎𝑖

∗𝑠𝑖−𝑝
𝑝
𝑖=1  for frequency 𝜈−1 = 𝜈𝑚𝑖𝑛 − 2∆𝜈 (8) 193 

Further estimates are obtained based on the initial dataset gradually extrapolated. 194 

The Burg method (Burg, 1967) is a recursive algorithm which minimizes the value of 𝐸𝑝 for increasing values 195 

of p. For each order, it calculates the coefficients of the autoregressive linear model with the Levinson-Durbin 196 

recursion.  197 

By minimizing the error energy at each iteration, the Burg algorithm ensures that the solution will be stable, 198 

all poles of the autoregressive model being within the unit circle. This is an advantage of the Burg method 199 

over algorithms such as the Covariance, Modified Covariance and Yule-Walker methods (Kay and Marple, 200 

1981). As previously mentioned, the order of the returned model (the last iteration of p in the algorithm) is an 201 

entry of the Burg method. 202 

3.2 Implementation of the Bandwidth Extrapolation technique in WISDOM data processing chain 203 

The data processing pipeline developed for WISDOM is described in (Hervé et al., 2020). Here we briefly 204 

recall its main steps and show how it can be completed by the Bandwidth Extrapolation technique.  205 

First, as previously mentioned, WISDOM acquires soundings composed of 1001 real frequency-domain 206 

samples. In order to accurately determine the autoregressive model, a Hilbert transform is applied to the real 207 

data to convert the signal in complex form. The result is 1001 complex frequency-domain samples. Since the 208 

Hilbert transform does not produce any information, the obtained complex data are over-sampled by a factor 209 

of two. Therefore, before applying the BWE, following a process recommended in (Kay and Marple, 1981), 210 

the data are down sampled by a factor of two. This and has no effect on the range resolution as the bandwidth 211 

remains the same. The input soundings in the processing pipeline are thus composed of 𝑁= 500 complex 212 

frequency samples.  213 

WISDOM data then undergo a temperature correction, followed by a free-space measurement removal to 214 

supress constant parasitic signals in radargrams (internal coupling, antenna cross-talk, etc.). A signal 215 

whitening or spectrum compensation can be performed by dividing the measured spectra by the instrument 216 

transfer function. This transfer function is experimentally obtained from the WISDOM spectrum of an echo 217 
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obtained on a perfect reflector (a metallic plate in the case of this study). Because there are several models of 218 

the WISDOM antennas and electronic systems (see Hervé et al., 2020), the free-space measurement and the 219 

echo on a perfect reflector had to be obtained for each model of the instrument. A DC-offset removal can also 220 

be applied to further reduce constant parasitic signals (such as reflections on the rover body). 221 

Then, 5% of the frequency samples are removed on each side of the spectrum, and the Bandwidth 222 

Extrapolation technique is applied with an order of 𝑝 = 𝑁 / 3 for the model (see section 4.2). The removal of 223 

10% of the samples in the spectrum, causing high side-lobes, is part of the Bandwidth Extrapolation technique 224 

as described by (Cuomo, 1992). In the case of WISDOM, this effect is caused by the Hilbert transform, which 225 

reconstructs better samples near the center than on the edges of the spectrum. 226 

Eventually, windowing is applied to the signal, and a time-domain sounding is obtained after an Inverse Fast 227 

Fourier Transform (IFFT) with zero-padding. The signal is extrapolated by a factor of 3, as prescribed by 228 

(Cuomo, 1992; Moore et al., 1997). The implementation of the Bandwidth Extrapolation into the WISDOM 229 

processing pipeline is illustrated by Figure 1. 230 

 231 

Figure 1: WISDOM processing pipeline including the application of the BWE technique 232 

 233 
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Additionally, a horizontal interpolation can be employed to ease the interpretation of the radargram. The effect 234 

of this last processing is of course purely aesthetic as it does not bring any new information to the radargram. 235 

With this modified processing pipeline, we expect to improve the resolution of WISDOM radargrams by a 236 

factor of 3 (the Bandwidth Extrapolation factor). Different tests on synthetic and experimental WISDOM 237 

radargrams have been performed to confirm this improvement as further described below. 238 

 239 

4. Validation on synthetic WISDOM data 240 

Before testing the Bandwidth Extrapolation on experimental WISDOM soundings, preliminary tests are 241 

performed on synthetic data to assert different expected results of the technique.  242 

4.1 Generation of synthetic WISDOM radargrams 243 

Synthetic soundings simulating the presence of two reflectors in vacuum (the worst-case scenario in term of 244 

resolution) were generated. For a given distance d between the two reflectors, a spectrum between 0.5 and 3 245 

GHz was generated by the addition of two sinusoids of the same amplitude with a phase difference 246 

corresponding to twice the distance d. A radargram was generated, for d values regularly increasing from 0 to 247 

15 cm with a step of 0.25 cm. To some extent, this simulated experiment is similar to what WISDOM should 248 

measure over a smooth surface overlying a homogeneous layer getting thicker as the radar moves horizontally 249 

above the surface. For sake of realism, an additive white Gaussian noise, resulting in a SNR of 30 dB (in 250 

agreement with what is observed on experimental data, see section 5) was applied in the frequency domain. 251 

Figure 2.a displays the resulting synthetic radargram (obtained with a Hamming window, zero padding but 252 

without BWE). It shows constructive and destructive interference features between the two echoes (that are 253 

also observed on the corresponding experimental radargram, Figure 10). The instrument is unable to resolve 254 

the echoes when the distance between the reflectors is less than ~11 cm in vacuum, which is consistent with 255 

equation (2) for 휀𝑟 = 1. 256 

  257 
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 258 

 259 

Figure 2: Synthetic WISDOM radargram generated with two echoes and a white Gaussian noise (SNR = 30 260 

dB) a) without BWE b) with BWE. 261 

 262 

Figure 2.b displays the radargram that is obtained with the same dataset after BWE to a bandwidth 3 times 263 

larger than the original one. As expected, the resolution is improved by a factor 3 therefore reaching ~4 cm 264 

(see section 4.3). We will describe in the following how this result has been obtained.   265 

In frequency domain, the accuracy of the BWE applied to this synthetic dataset can also be appreciated. As 266 

an instance, Figure 3 presents the application of the BWE to a synthetic sounding generated for d = 15 cm, 267 

with the same Bandwidth as WISDOM, and an SNR = 30 dB. As mentioned in section 3.2, first 5% of the 268 

samples on each side of the spectrum are removed. Then, the spectrum is extrapolated by a factor of 3. The 269 

same sounding has also been generated with three times the Bandwidth of WISDOM but without noise, for 270 

the extrapolated samples to be compared to. Figure 3 shows that both the module and phase are well 271 

extrapolated by the BWE, leading to a resolution enhanced by a factor of 3 in time domain. 272 
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 273 

Figure 3: Synthetic spectra (module (a), phase (b) ) and corresponding temporal responses obtained by IFT 274 

(c),  generated for d = 15 cm. The initial spectrum in red is 3 times the bandwidth of WISDOM (7.5 GHz), 275 

and the extrapolation by BWE after reduction of this spectrum to the Bandwidth of WISDOM (2.5 GHz) and 276 

addition of a white Gaussian noise (SNR = 30 dB) is displayed in dashed black. 5% of the samples are 277 

removed on each side of the spectrum before extrapolation. 278 

4.2 Determination of the order of the model 279 

To generate the radargram enhanced by BWE shown in Figure 2.b, we have applied the method described in 280 

section 3. The first step of the method is to choose the value for the order 𝑝 of the autoregressive model. To 281 

do that, we limit all the initial spectra to one third of their bandwidth by symmetrically removing frequencies 282 

on both sides. Then, we apply the BWE technique to reconstruct the initial dataset for different orders values 283 

𝑝 ranging from 1 to N. For each 𝑝 value, the reconstructed radargram is compared to the original one to 284 

identify the best order for the BWE algorithm. The correlation between both radargrams is computed, which 285 

provides a quantitative analysis of the reliability of the extrapolation. This process is repeated for 1000 noise 286 

realisations (Monte Carlo approach). The result is shown in Figure 4. 287 
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 289 

Figure 4:  Correlation between a synthetic WISDOM radargram similar to Figure 2, displaying two echoes 290 

and white noise (SNR=30 dB) and its reconstruction by BWE after removal of 2/3 of its bandwidth as a 291 

function of the order of the autoregressive (AR) model 292 

As can be observed in Figure 4, the correlation coefficient values are high (>0.97) for all 𝑝 values (which is 293 

due to the fact that we only consider 2 reflectors in the case). The highest correlation is obtained for an order 294 

of the autoregressive model close to a third of the bandwidth, consistent with the values prescribed in literature. 295 

A similar experiment has also been performed by Raguso (2018) on simulated SHARAD soundings, yielding 296 

the same result. In the following sections, the order of the model has been therefore set to 𝑝 = 𝑁 / 3. 297 

4.3 Effect of the BWE on the resolution 298 

With the same dataset, it is possible, from the time delays measured at the peaks of the two echoes (when 299 

resolved), to obtain an estimate of the distance between the two reflectors and to compare this estimate �̂� to 300 

the known distance 𝑑 in order to test the ability of BWE to improve the resolution of the soundings. In Figure 301 

5, the mean value of the error �̂� − 𝑑, with its standard deviation computed on 1000 realisations (Monte Carlo 302 

approach) a randomised phase for the first echo is displayed as a function of 𝑑. 303 

 304 
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 305 

Figure 5: Error on the estimation of the distance between two reflectors generating synthetic echoes of the 306 

same amplitude as a function of the distance between these reflectors. 1000 synthetic cases with a Gaussian 307 

noise such as SNR = 30 dB have been considered; the first echo has a random phase. 308 

Without BWE, the simulated echoes obtained with 𝑑 < 11 cm cannot be separated, while with BWE this limit 309 

is brought to 3.75 cm with an error that remains well below the expected resolution.  310 

It can be also noted that, with or without BWE, the error oscillates, depending on the phase between the two 311 

echoes. Further, the error decreases as 𝑑 increases. For the considered 𝑑 values, it lies between -0.2±0.15 and 312 

1.6±0.13 cm. The amplitude of the oscillation is higher after the application of the BWE due to the sensitivity 313 

of the Burg algorithm to both phase and noise, as already depicted by Kay and Marple (1981). 314 

Synthetic radargrams have also been generated for media other than vacuum i.e., with higher dielectric 315 

constants; they show that the amplitude of the oscillation decreases as the dielectric constant increases, the 316 

error always remaining below the expected resolution. 317 

4.4 Effect of the BWE on the precision 318 

Having studied the effect of the BWE on the resolution with the generated synthetic dataset, it is also important 319 

to verify that this technique does not alter the positions of the reflectors. In other words, that the precision of 320 
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the super-resolved radargrams remain barely changed after application of the BWE. For each echo, the error 321 

on the estimation of its position is measured for each value of d before and after application of the BWE. 322 

 323 

 324 

Figure 6 Error on the position of the synthetic echoes before and after application of the BWE (Figure 2) as 325 

a function of the distance d between these reflectors. 1000 synthetic cases with a Gaussian noise such as 326 

SNR = 30 dB have been considered. The first echo has a random phase. 327 

Figure 6 displays the error on the position of both echoes as a function of d. It can be observed that the 328 

absolute error on the position stays below 1 cm as it oscillates. It is even lower than 0.5 cm for d > 5 cm. 329 

This worst case result (i.e., in vacuum) demonstrate the ability of the BWE to increase the resolution of the 330 

WISDOM soundings without impairing their precision. 331 

A precision of 1 cm on the position of an underground layer is three times lower than the length of the 332 

sample to be collected by the mission drill. This result is therefore satisfactory, allowing to aim at a precise 333 

underground interface without the risk of missing it. 334 

4.5 Effect of the BWE on the echo amplitude 335 

An advantage of the BWE, when compared to other super-resolution techniques (MUSIC, ESPRIT), is the 336 

conservation of the amplitude of each echo in the enhanced radargram (Cuomo, 1992). This advantage is 337 
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essential because, in experimental data, the echo amplitude will ultimately be used to infer information about 338 

the reflecting structures (starting with the permittivity value in a case of a smooth interface). The ability to 339 

obtain a satisfactory estimate of the amplitude has been tested on the previously described synthetic dataset 340 

for which the amplitude of both echoes has been set to 1. When these latter ones are resolved by BWE (i.e., 341 

for d > 3.75 cm after BWE), the ratio between the first echo amplitude and the second echo one is computed. 342 

Figure 7 shows the mean value of this ratio with the corresponding standard deviation as a function of 𝑑. 343 

 344 

 345 

Figure 7: Amplitude ratio measured between two synthetic echoes after application of the BWE (Figure 2.b) 346 

as a function of the distance d between these reflectors. 1000 synthetic cases with a Gaussian noise such as 347 

SNR = 30 dB have been considered. The first echo has a random phase. The echoes have been initially 348 

generated with the same amplitude (Figure 2.a) so that the expected amplitude ratio is 1. 349 

 350 

By construction the amplitude ratio between echoes is 1 and, after BWE, its mean value remains within 351 

between 0.97 and 1.05 with a standard deviation of about 1.6%, which is very satisfactory. On data collected 352 

in a natural environment corresponding to a similar configuration (that is a smooth surface on the top of a 353 

layer having an increasing thickness along the radar displacement) the measurement of such a ratio would 354 

provide an estimate of the losses in the uppermost layer, thus bringing information on the loss tangent (ratio 355 
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between the imaginary and real parts of the permittivity) and/or on the heterogeneities embedded within this 356 

layer. For example, considering the case of a homogeneous layer with a typical dielectric constant 4 and loss 357 

tangent 0.03, over a layer of dielectric constant 6 with smooth interfaces, and soundings for distances ranging 358 

from 3 to 15 cm with a step of 0.25 cm, an error with a standard deviation of 5% on the ratio estimate would 359 

result in an error on the loss tangent with a standard deviation of 3% (Monte-Carlo with 100000 cases) 360 

according to the model proposed by Picardi et al. (2008).  361 

The derivation of the loss tangent and, overall, a better understanding of the composition of the investigated 362 

terrains require to know the dielectric constant of the uppermost layer. This later, especially if the surface is 363 

smooth, can be derived from the amplitude of the surface (first) echo (Hervé et al., 2020) which, as shown 364 

below, is also well preserved after application of the BWE. 365 

Figure 8 displays amplitude of the first (Figure 8.a) and the second echo (Figure 8.b) extracted from Figure 366 

2.b after application of the BWE. The amplitude of the two synthetic echoes was initially set to 1 and remains 367 

close to unity after BWE. We further note that both echoes present similar variations in amplitude, with 368 

oscillations that are once again clearly correlated to the phase between the echoes.  369 

For distance values 𝑑 > 9.5 cm in vacuum (i.e., 4.75 cm in a medium with a typical dielectric constant of 4), 370 

the error on the amplitude of the first echo (corresponding to the surface echo) is less than 2.5% (see Figure 371 

8.a). As an illustration, such an error on the surface echo amplitude would lead to an error on the retrieval of 372 

the permittivity of the top layer of less than 4% for a permittivity value of 4. This would result in an error in 373 

distance estimate of less than 2 cm at a depth of 1 meter. For d > 5 cm (i.e., 2 cm with the same hypothesis as 374 

above), the error on the first echo being less than 7%, the error at 1 m depth would be ~5.2 cm.  375 

This same error on the amplitude estimate would also translate in an error on the material’s porosity retrieval. 376 

In fact, assuming an a priori knowledge on the composition of a Martian soil, its porosity can also be derived 377 

from the real part of the permittivity. For instance, according to the model experimentally determined by 378 

Brouet et al. (2019), at 0.5 GHz and 200 K the dielectric constant is linked to the porosity ϕ by  휀 ≈379 

(12.03 + 2.1)1−𝜙 − 0.043, and at 3 GHz by 휀 ≈ (8.87 + 2.05)1−𝜙 − 0.043 for pure JSC Mars-1 Martian 380 

simulant. In the first case (0.5 GHz), for a measured dielectric constant of 4, the error on the estimation of 381 
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porosity would be ~5.7%. In the second case (3 GHz), the error would be ~7.2%. In both cases, a satisfying 382 

low level of error. 383 

 384 

 385 

Figure 8: Amplitudes of the first (a) and second (b) synthetic echoes after application of the BWE (Figure 386 

2b) as a function of the distance d between the two reflectors. 1000 synthetic cases with a Gaussian noise 387 

such as SNR = 30 dB have been considered. The first echo has a random phase. Both echoes have been 388 

initially generated with an amplitude of 1 (Figure 2.a) and this amplitude is well preserved after BWE 389 

although some oscillations appear due to phase differences between the echoes. 390 

  391 

These different tests validate on synthetic data the ability of BWE to improve by a factor of 3 the vertical 392 

resolution of WISDOM radargrams. We have also demonstrated that the distance between reflectors and the 393 

amplitude of the echoes are well preserved by this technique and can therefore be used to characterize the 394 

surface and subsurface. In the following, the method is applied to experimental WISDOM data collected in 395 

controlled environments to further confirm the value of the BWE technique. 396 
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5. Validation of the vertical resolution improvement on experimental data 397 

5.1 Application of the Bandwidth Extrapolation technique to WISDOM “two reflectors” laboratory 398 

experiment 399 

In order to validate the gain in resolution brought by the BWE technique on experimental data, we have 400 

performed laboratory measurements, at LATMOS, with the spare model of the instrument, in configurations 401 

as close as possible to the simulated “two reflectors” case described in Section 4. Two metallic plates were 402 

placed side by side in front of WISDOM antennas and separated by a varying distance d (Figure 9). More 403 

specifically, the first metallic plate remained at the same distance from the antennas (~42.6 cm) while the 404 

second one was progressively moved away from 1 to 14 cm by steps of about 1 cm. 405 

 406 

 407 

Figure 9: Illustrations of the experimental set-up for the "two reflectors" experiment performed at LATMOS. 408 

a. Experimental set-up without support between the plates b. Experimental set-up with a support between 409 

the plate. 410 
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The resulting WISDOM radargram (Figure 10.a to be compared to Figure 2.a) shows echoes from the two 411 

plates but also undesired reflections (at the corners of the metallic plates for instance) and constructive and 412 

destructive interferences due to the superposition of the two echoes from the plates. This radargram has been 413 

processed as described in Section 3.3 with the following exception: no DC-offset removal has been performed, 414 

because it would have suppressed the echoes from the first metallic plate (which displays a constant arrival 415 

time and amplitude).  416 

The measurement error on distance d is estimated to be around 0.2 cm (measurements were performed with a 417 

graduated ruler). In order to reduce the measurement uncertainty some of the soundings were performed with 418 

polystyrene foam plates of known thicknesses (instead of air) between the metallic plates (see Figure 9.b); this 419 

ensures a more accurate positioning of the metallic plates. Polystyrene foam is nearly transparent to radio 420 

wavelengths and has a permittivity value close to 1, such a set-up therefore remains close to a “two reflectors” 421 

case. In the following, measurements performed with a polystyrene foam support will be highlighted.  422 

Comparison between Figure 10.a and Figure 2.a reveals that simulated and experimental data present the same 423 

behaviour except that the second echo is weaker than the first one in experimental data. In particular, we note 424 

that the constructive and destructive interferences are very similar in these datasets. Both original radargrams 425 

show that, with conventional processing, it is impossible to confidently separate echoes when the distance 426 

between the reflectors is smaller than 11-12 cm. This is consistent with the expected theoretical vertical 427 

resolution after windowing (~11 cm in vacuum using equation (1) and 1.5 𝛿𝑟, section 2). After application of 428 

BWE (Figure 2.b and Figure 10.b), the echoes are resolved down to a distance between 3 and 4 cm which 429 

translates into a resolution improvement by a factor ~3.  430 

 431 
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 432 

Figure 10: Experimental radargram before (a) and after (b) application of the BWE. 433 

Figure 11 shows two examples of experimental soundings obtained for the specific cases of d = 6 cm (Figure 434 

11.a) and d = 10.5 cm (Figure 11.b). In Figure 11.a, the distance of 6 cm is well below the resolution expected 435 

in vacuum with common spectral processing techniques and windowing according to the criterion defined in 436 

section 2.2. After application of the BWE, the two echoes are clearly resolved, and their pulse width is 437 

significantly reduced which gives a further illustration of the benefit of this technique. The distance between 438 

the two reflectors is only slightly underestimated by ~0.37cm. The amplitude of the first echo before BWE is 439 

higher than the amplitude of each echo after BWE, which can be explained by the fact that before BWE the 440 

two echoes are interfering. 441 

In Figure 11.b, the distance of 10.5 cm is still slightly below the resolution according to the criterion defined 442 

in section 2.2. In fact, the presence of two echoes can already be noticed before BWE, but they still interfere 443 

strongly. The application of the BWE once again reducing the pulses widths makes the echoes more clearly 444 

resolved. The error on the estimated distance between the reflectors is ~0.94cm. Because of the interference 445 

between the two echoes, the difference in amplitude before and after resolution enhancement is not 446 

unexpected. 447 
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 448 

Figure 11: Experimental WISDOM soundings before and after application of the BWE for distances of 6 cm 449 

(a) and 10.5 cm (b) between the two reflectors 450 

 451 

5.2 Distance estimation after application of the BWE 452 

A peak detection can easily be applied to the different soundings performed without and with BWE to measure 453 

the time delay between the two echoes coming from the metallic plates and therefore the distance between 454 

these plates, as performed in Section 4 on synthetic soundings. Figure 12 shows the error on the estimated 455 

distance as extracted both from the synthetic and the experimental datasets and before and after BWE.  456 

As previously mentioned, for the synthetic data, each sounding has been generated with 1000 cases of noise, 457 

with a SNR = 30 dB. Mean values of the distance error with associated standard deviations are displayed in 458 

Figure 12 as a function of the distance between the reflectors. For the experimental data, only one 459 

measurement is performed for a given distance d which has been measured with an uncertainty of about 0.2 460 

cm. This uncertainty on the distance between the metallic plates leads to the same uncertainty on the error 461 
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between the distance and its estimation. Soundings performed with a foam support between the two metallic 462 

plates are indicated by an arrow.  463 

 464 

 465 

Figure 12: Error on the distance estimation between the reflectors before and after application of the BWE 466 

as a function of d for both synthetic (1000 cases of noise with SNR = 30 dB) and experimental sounding. 467 

 468 

On simulated and experimental data, the BWE significantly improves the resolution which is enhanced to 4 469 

cm compared to 11 cm without BWE, i.e. by a factor close to 3. The oscillations in the measured distance 470 

error, already noticed on synthetic data (Figure 5), are also clearly visible on the experimental data, with and 471 

without BWE. As mentioned in section 4, their presence is due the phase difference between the two echoes 472 

(Raguso, 2018).  473 

We further note a good match between the errors measured on synthetic and experimental data for distances 474 

smaller than 10 cm. For greater distances, while the test on synthetic data predicts a diminution of the 475 

oscillations, such diminution is not observed on experimental results and the error is actually slightly smaller 476 

without BWE (< 1.55 cm). However, the maximum absolute error after BWE is ~2 cm which remains below 477 

the desired vertical resolution.  478 
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 479 

As a conclusion, the present experiment demonstrates that an improvement in resolution by a factor of 3 in 480 

WISDOM radargrams can be achieved thanks to BWE. The reached resolution is 4 cm in vacuum with an 481 

error on the estimated distance < ~2 cm. Both the vertical resolution and error would be even smaller in media 482 

with a dielectric constant > 1. 483 

From this experiment, unlike on synthetic data in section 4, the error on the amplitude of each echo cannot be 484 

drawn. The synthetic data were indeed generated with an amplitude we fixed for each echo while the echo 485 

amplitude is not known for experimental data. The only comment possible here is that for soundings where 486 

the two echoes are resolved both before and after BWE, amplitudes are quite close. The differences are likely 487 

due to interferences, which are still present for distances near the resolution limit. 488 

The experiment described in this section has also been performed with experimental soundings obtained in an 489 

anechoic chamber on a single plate. The soundings have been modified to simulate a delay in time domain 490 

and added in order obtain two echoes. The results are very similar to the experimental results shown in this 491 

section. 492 

In the following, the BWE is applied to WISDOM experimental radagrams acquired during field tests 493 

performed on different types of environments. 494 

 495 

6. Application of the Bandwidth Extrapolation technique to WISDOM field test data 496 

Between 2010 and 2019, several field campaigns have been organised in order to evaluate WISDOM 497 

performances on different environments, some of them potentially analogs to the Martian subsurface. These 498 

field tests have been performed with various models of the instrument, the first ones with prototypes and the 499 

most recent ones with models similar to the instrument flight model. The result is a large dataset of radargrams 500 

to which BWE can be applied. 501 
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We have selected four campaigns, during which structures of interest were detected in the subsurface, and for 502 

which the application of the BWE proved to be very helpful for radargram legibility and interpretation. For 503 

some campaigns, no free-space or no calibration measurements are available. When no free-space is available, 504 

only a DC-offset removal is applied to the signal. When no calibration is available, the surface echo is used 505 

for the whitening process (see section 3.3). 506 

Table 1  The different field tests selected for this study 507 

Campaign location Year Type of environment Free-space and 

calibration 

Model of the 

instrument 

Etna (Italy) 2010 Lithic (volcanic) Calibration measurement 

No free-space 

measurement 

Prototype 

Chamonix (France) 2011 Icy (snow and ice layers) No free-space 

measurement 

No calibration 

measurement 

Prototype 

Dachstein Giant Ice 

Cave (Austria) 

2012 Icy (ice with a bedrock and 

trapped boulders) 

Calibration measurement 

No free-space 

measurement 

Prototype 

Dresden TU 

(Germany) 

2019 Semi-controlled environment 

(reflectors buried in a soil 

trench) 

Free-space measurement 

Calibration measurement 

Copy of the 

Flight model 

 508 

The different field tests are briefly described in Table 1. In the following, a radargram from the semi-controlled 509 

environment will be presented, then the radargrams from icy environments, and lastly a radargram from a 510 

lithic environment. 511 

6.1. Semi-controlled environment: The Dresden “Mars Yard” campaign 512 

In June 2019, a measurement campaign took place in the Technische Universität of Dresden (TUD, Germany) 513 

facilities with a copy of the instrument flight model (electronic unit and antennas). Free-space measurements 514 

and calibrations on metallic plates were performed in an anechoic chamber. WISDOM acquisitions were 515 

performed across a 75 cm deep soil trench, where different reflectors were buried. This type of campaign is 516 

important to validate the interpretation of WISDOM radargrams, as the reflectors locations are known prior 517 

to the acquisition. 518 
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One of the experiments performed during this measurement campaign is called the “metallic staircase” 519 

experiment. Seven blocks of concrete wrapped in aluminium foils were organized to form a staircase (see 520 

Figure 13). Regularly spaced WISDOM soundings were performed above the staircase, with a step of 5 cm. 521 

The resulting radargram is shown on Figure 14.a. It displays clear scattering patterns but because each step of 522 

the staircase had a height of 10 cm, they are barely resolvable in the air without BWE.  523 

 524 

 525 

Figure 13: Illustration of the TUD experimental set-up for the “metallic staircase” experiment 526 

First, as a further test of the BWE value, the soundings acquired on the metallic staircase have been reduced 527 

in bandwidth: a third of the frequencies were removed on each side of the spectra (Figure 14.b) before being 528 

reconstructed by BWE (Figure 14.c). In the original radargram (Figure 14.a) obtained without BWE, even if 529 

the echoes from two successive steps are not vertically resolved, they can be located thanks to the horizontal 530 

variations as the radar moves at the surface. After reduction of the bandwidth (Figure 14.b), the resolution is 531 

drastically coarser and identifying the staircase is very challenging. After reconstruction by BWE (Figure 532 

14.c), individual step can be located anew. Comparison between (Figure 14.a) and (Figure 14.c) demonstrates 533 

the accuracy of the reconstruction by BWE and that the technique does not introduce artefacts. The SNR after 534 
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reconstruction by BWE also seems higher, which is expected as the AR models are determined by the Burg 535 

algorithm with an order corresponding to a third of the bandwidth, meaning that soundings are extrapolated 536 

accounting for a large portion of previous/following samples, and thus reducing the effect of noise from the 537 

bandwidth reduced signal in the reconstruction. 538 

 539 

Figure 14: TUD "staircase" radargram as acquired (a), after reduction of the bandwidth by removing one 540 

third of the frequencies (b), and after reconstruction by BWE (c). 541 

The BWE was then applied to the original radargram (Figure 14.a) and the resulting radargram is shown in 542 

Figure 15.  The surface echo from the borders of the hole is more clearly detected (arrow 1 in Figure 15.b). 543 

As expected, the steps can now be clearly separated. The staircase being in the air, the distance can easily be 544 

estimated from the time delay. The vertical separation of 10 cm between each step, and their horizontal 545 

extension of 20 cm are retrieved. Hyperbolic branches corresponding to diffraction effects at the corners of 546 

the steps are revealed (arrow 2), even if, due to the geometry of the metallic staircase, only the left branch of 547 

the hyperbolic shapes is visible. These hyperbolic branches appear here because the improvement in resolution 548 

reduces the effect of interferences between them, which explains why the hyperbolic branches cannot be seen 549 

before BWE.   550 

Being able to detect these hyperbolic shapes is very important because they are commonly used to estimate 551 

the averaged permittivity of the medium separating the antennas from the reflecting structures (Daniels, 2005). 552 
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We applied a Hough transform (Capineri et al., 1998) to the region of the deepest hyperbolic shape, and 553 

derived a dielectric constant of 1.0±0.1 consistent with a scatter in the air (see Figure 15). 554 

 555 

 556 

Figure 15:  TUD "staircase" radargram after BWE (a) and its interpretation (b) 557 

6.2. Icy environments: The Chamonix and the Dachstein Giant Ice Cave campaigns 558 

When selecting a field test location for WISDOM, one must favour environments with as little liquid water as 559 

possible. Indeed, liquid water tends to increase absorption losses in the subsurface thus causing strong and 560 

rapid attenuation of the electromagnetic waves as they propagate. In contrast, water ice is a low-loss material 561 

at radar frequencies, and thus a favourable environment for GPR soundings. For these reasons, the two field 562 

campaigns presented here were performed in icy environments (Figure 16). Even if no evidence of 563 

underground water ice at Oxia Planum have been reported so far, and even if the latitude of the landing site is 564 

too close to the equator to sustain stable water ice in its shallow subsurface (Mellon and Jakosky, 1993), 565 

remnants of ground water ice (Clifford and Hillel, 1983; Forget et al., 2006) in equatorial regions is a 566 
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possibility. Wilson et al. (2018) for instance presents observations consistent with the presence of such 567 

remnants or, alternatively, hydrated minerals, in other equatorial regions. 568 

 569 

 570 

Figure 16: Illustrations of the icy-environments WISDOM field campaigns a. The Chamonix campaign 571 

(France) b. The Dachstein Giant Ice Caves (Austria) 572 

6.2.1. The Chamonix campaign 573 

The first WISDOM campaign performed in an icy environment took place in Chamonix (French Alps) in 574 

winter 2011. To ease the movements of the instrument in this snowy environment, a prototype version of 575 

WISDOM was mounted on a sledge. 576 

The radargram presented in Figure 17 has been acquired in the Grands Montets region (Vallée Blanche), and 577 

clearly shows three different layered underground structures. Note that layered structures (though lithic ones) 578 

are also expected on Oxia Planum, the ExoMars future landing site, as a result of a fan sediment deposition 579 

(Quantin-Nataf et al., 2019). Figure 17 shows clear improvement in resolution after BWE which leads to a 580 

better separation and therefore detection of the layers. New details even appear in some regions of the 581 

radargram (see green arrows in Figure 17.b). 582 
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 583 

Figure 17: Radargram from the Chamonix field campaign, before (a) and after (b) application of the BWE. 584 

Panel (c) proposes interpretation. The time delays have been converted into distance assuming a dielectric 585 

constant of 3.1. 586 

To obtain an estimation of depth in the radargram from the measured time delays, a dielectric constant of 3.1 587 

(close to the dielectric constant of water ice at GHz frequencies) has been assumed. Close to the surface, in 588 

the uppermost subsurface layer, ~10 cm thick isochrone layers of snow can be observed. They likely 589 

correspond to recent precipitation (snow fall) events. A snowpack internal layering can be observed around a 590 

depth of 1.5 m, likely corresponding to older precipitation events, and possibly to the separation between snow 591 

layers and névé layers. The interface, at a depth around 3 m, may indicate the limit between the snowpack and 592 

the ice of the glacier. Beneath this last interface, no evidence of structure is visible suggesting that the 593 
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compacted ice below is homogeneous at spatial scale of the order of a ~5 cm. Such a 3-layer structure of the 594 

snowpack is not unusual, and is for instance also visible in radargrams acquired by Gusmeroli et al. (2014) on 595 

the snowpack of the Scott Glacier, in Alaska. 596 

6.2.2 The Dachstein Giant Ice Cave campaign 597 

The second WISDOM campaign on an icy environment took place in the Dachstein Giant Ice Cave (Austria), 598 

in April 2012 and was part of the Dachstein Mars Simulation campaign organised by the Austrian Space 599 

Forum (Groemer et al., 2012). Figure 18 displays the radargram acquired in this cave before and after BWE; 600 

different buried structures of interest can be identified, such as layering in the ice sheet, the bedrock below 601 

and trapped boulders in between. Similar structures will be hunt down in the subsurface of Oxia Planum, on 602 

Mars (Vago et al., 2017). 603 

At depths of 0.6 - 1.2 m, the ice-sheet exhibits a layered structure (yellow lines in Figure 18.c). In a previous 604 

study, Dorizon et al. (2016) estimate the thickness of Dachstein ice layers to range from a few cm to 10 cm. 605 

The resolution of WISDOM in pure water ice after windowing being ~6 cm, these underground structures are 606 

particularly enhanced after application of the BWE and a new layer is even revealed (green arrow in Figure 607 

18.b). While segregated ice is not expected in abundance in Oxia Planum, layered structure related to 608 

sedimentary deposits may be present in this region which is rich in clay-bearing units (Quantin-Nataf et al., 609 

2019).  610 

Hyperbolic patterns corresponding to echoes generated by rocks beneath the ice-sheet can be observed at 611 

depths 0.4 - 2 m. After application of the BWE, they are more readily located and can be used with more 612 

confidence to derive the dielectric constant of their surrounding medium. We recall that, in the frame of the 613 

ExoMars mission, hyperbolic patterns indicating the likely presence of buried rocks will be regions to avoid 614 

for the safety of the drill. 615 

On the contrary, the underground continuation of surface outcrops will be a favored target for the drill of the 616 

Rosalind Franklin rover. In that regard, as another gain of BWE, the echoes from the bedrock beneath the ice-617 

sheet of the Dachstein can be observed in much greater details after application of this technique (blue lines 618 

in Figure 18.c). They reveal 2 underground rough interfaces that seem to be interrupted at a distance of ~5.5m 619 
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unless they form a continuous bedrock exhibiting a very steep slope in this area which would make it invisible 620 

to WISDOM (Ciarletti et al., 2017).  621 

 622 

 623 

Figure 18:  Radargram from the Dachstein field campaign before (a) and after (b,c) application of the 624 

BWE. In (b) the green arrows point to details of the scattering structures that where not resolved before 625 

application of the BWE.  In (c) time delays have been converted into distance assuming a dielectric constant 626 

of 3.1 and structures of interest are indicated. 627 

The radargrams from both campaigns in icy environments have shown the value of the BWE technique in 628 

terms of resolution and interpretation enhancement. However, as mentioned above, icy environments are very 629 

favourable to radio wave propagation and it is important to also demonstrate the ability of the BWE to improve 630 

WISDOM scientific return in dry, but more lossy, lithic environments that is, environments likely more 631 

analogous to the region that will be explored by the ExoMars rover. 632 

6.3 Lithic environment: The Etna campaign 633 

 634 
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 635 

Figure 19: WISDOM on the flank of the Etna volcano 636 

In 2010, a prototype model of the WISDOM instrument was brought to a volcanic site in the Etna mountain 637 

region (see Figure 19), in Sicily (Italy). Some results of this field test are shown in Ciarletti et al. (2017). Such 638 

an environment may be a good analog for Oxia Planum, where likely volcanic “dark resistant units” are 639 

exposed at the surface (Quantin-Nataf et al., 2019). Though is it not a primary objective of the mission, 640 

volcanic terrains will be most likely investigated by WISDOM on Mars. 641 

The radargram shown in Figure 20 has been selected because it displays different subsurface deposit layers 642 

corresponding to at least two different volcanic events. Even if WISDOM penetration depth is, as expected, 643 

smaller than in icy environments due to higher losses (< 1 m against 2-3 m), several layers can be clearly 644 

identified and are better separated after the application of the BWE (yellow lines in Figure 20.c) while some 645 

deep structures appear clearer (blue lines Figure 20.c), and small details are revealed (green arrows in Figure 646 

20.b).  647 



Accepted by Planetary and Space Science (2021) 

 

 648 

Figure 20:  Radargram from the Etna field campaign before (a) and after (b, c) application of the BWE. In 649 

(b) the green arrows point to details of the scattering structures that where not resolved before application 650 

of the BWE.  In (c) time delays have been converted into distance assuming a dielectric constant of 6 (as 651 

derived from the surface echo amplitude) and structures of interest are indicated 652 

More specifically, 2 highly reflective layers, parallel to the surface, can be observed between 20 and 30 cm of 653 

depth (yellow lines in Figure 20.c); they probably originate from the same pyroclastic event. Beneath these 654 

two layers, tilted interfaces are detected (in blue). They have been previously interpreted as deposits from an 655 

older pyroclastic event (Ciarletti et al., 2017). The material from these two events is superimposed over 656 

distances inferior to 4 m.  657 
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As a conclusion, the application of the BWE technique to WISDOM radargram proves to be very valuable 658 

even on a lithic environment which is promising for future operations Mars.  659 

 660 

7. Conclusions and Perspectives 661 

In the present study we have adapted and applied for the first time to WISDOM data the super-resolution 662 

method known as “Bandwidth Extrapolation technique”. While the technique has already been successfully 663 

applied to observations from planetary orbital radar sounders (MARSIS/Mars Express, SHARAD/MRO, 664 

Cassini radar), this is, to our knowledge, its first application to planetary surface GPR soundings. The BWE 665 

technique is now implemented in the WISDOM processing pipeline described in Hervé et al. (2020). 666 

As the WISDOM instrument is set to arrive on Mars only in 2023, the BWE has been methodologically tested 667 

on synthetic, experimental and field test data. We have demonstrated its ability to improve the vertical 668 

resolution of WISDOM radargrams by a factor of 3, while preserving useful information on the distance and 669 

amplitude of the detected echoes. The value of the BWE has been shown on radargrams acquired in both icy 670 

and lithic (and therefore more lossy) natural environments. The detection of subsurface structures of interest 671 

such as layering or hyperbolic scattering patterns is clearly eased by the BWE and the interpretation of 672 

WISDOM radargrams facilitated. These are promising results for future operations on Mars. 673 

Once on Mars, the improvement in vertical resolution of WISDOM radargrams, and therefore the improved 674 

separation of echoes from underground reflectors, will indeed be essential to ensure the drill safety by avoiding 675 

buried rocks as well as to investigate of the geological history of the ExoMars landing site, Oxia Planum. At 676 

least two layered clay-bearing units have been identified in this site (Quantin-Nataf et al., 2019), and we have 677 

shown in this study the ability of the BWE to ease the interpretation of a layered subsurface. The synergy 678 

between WISDOM and other instruments of the Rosalind Franklin rover payload will also be enhanced thanks 679 

to super-resolved radargrams. In particular, a finer knowledge of the stratigraphy below the rover will benefit 680 

to the Ma_MISS instrument (the visible and near-IR spectrometer mounted on the rover drill) (De Sanctis et 681 

al., 2017) which will analyse the subsurface composition during drilling operations. Information on the layers 682 
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detected by WISDOM will indeed be associated with the ones detected by Ma_Miss. Likewise, a better 683 

resolved surface echo will ease the comparison to PanCam (panoramic camera of the rover) (Coates et al., 684 

2017) images. 685 

The BWE technique presented here can be further improved using the different polarization channels of 686 

WISDOM. Indeed, the instrument has the capacity to transmit and receive in two polarizations, resulting into 687 

four polarization channels. A polarimetric version of the BWE, as implemented by Suwa and Iwamoto (2007), 688 

would improve the reconstruction of echoes detected on different polarization channels. Another perspective 689 

of improvement could result from accounting for the high-frequencies decay in a lossy medium when 690 

extrapolating the bandwidth of the instrument, as well as for white noise as proposed by Piou et al. (1999). 691 

The application of these lines of improvement to WISDOM radargrams is currently under investigation. 692 

As previously mentioned, WISDOM will not be the only Ground Penetrating Radar to operate on the Martian 693 

surface in the next few years. But with its large bandwidth, and the implementation of the super-resolution 694 

technique evaluated in this study, the ExoMars mission will provide the radargrams with the highest vertical 695 

resolution ever acquired on Mars, providing unique insights into the Martian shallow subsurface. 696 
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