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Publishable Summary

The radargrams produced by the FlyRadar system will need to be inverted to produce the most reliable geometry and
permittivity estimates possible. Inversion techniques are based on radar equations that describe how signal strength
evolves along its path from the transmitter to the target and back to the receiver.

If external data are available, such as the measurement of layer thickness for example, it will be possible to estimate the
permittivity of these layers from the return times of the signal to the sensor. Other techniques have been developed that
jointly invert the geometry and the permittivity of the underground from a radargram. These techniques are based either
on the characteristics of the diffraction hyperbolas, or on the intensities of the signals received by the radar. Other
techniques such as deep learning have not yet been used to process geological data. However, they seem promising on
the available examples.

1. Introduction

The main objective of FlyRadar is the development of a drone carrying a radar capable of imaging the underground.
The data produced by the radar will be used to identify the geometry of the underground structures and also, if possible,
to characterize the rocks that make up these geometries.

The radar records the echo of the waves it emits on discontinuities of dielectric permittivity. It therefore records the
time taken by the wave to go from the emission source to the reception point, passing through the reflective
discontinuity. This time will vary according to the reception distance and the speed of the electromagnetic waves in the
basement. If the radar is in Nadir view (vertical observation):

t=2(1)

With h, depth of the permittivity discontinuity, t the travel time of the wave from the source to the discontinuity and
back to the receiver, v speed of the electromagnetic waves. Knowing the speed v, it is easy to invert the time signal in
terms of the geometry of structures. However, the speed of electromagnetic waves in the underground is variable
depending on the nature of the rocks and their geo-mechanical properties (e.g. Brouet et al., 2019). The speed v,
therefore, constitutes, with the depth h, an unknown factor of the problem that it is necessary to resolve in order to best
invert the temporal signal recorded by the radar.

On Earth, the use of GPR is particularly developed to identify subsurface structures (e.g. Girardi et al., 2010) whether
for scientific (geology, glaciology, archaeology, etc.) or applied (geotechnics, hydrogeology, etc.) purposes. In most
cases, the nature and properties of the underground are well known. The speed of electromagnetic waves is therefore
generally well controlled. If this is not the case, it is also possible to carry out wave velocity measurements in the
laboratory on samples from the study area (e.g. EIShafie and Heggy, 2013). The problem can therefore be completely
defined on Earth, allowing the precise representation of the geometries of the underground.

On Mars, the nature of surface rocks can be estimated from geomorphological data associated with hyperspectral
imagery data and sometimes thermal imagery. These data allow to frame the speeds of the electromagnetic waves.
However, the geometry of the subsoil is difficult to determine and the speed of the electromagnetic waves does not only
depend on the nature of the rocks but also on their porosity, their possible water content and other impurities. Velocity
estimates therefore remain marred by a margin of uncertainty. It is more difficult to accurately represent the geometries
of the underground on Mars than on the Earth.

Joint geometry-velocity inversion methods have been developed (e.g. Berthelier et al., 2003; Petinelli et al., 2007;
Alberti et al., 2012) on the model of seismic inversion methods. The first family of methods is based on the prior
determination of a geometry from images or 3D data to estimate a permittivity value. Other families of methods use the
echoes returned by an object observed from several distances. Finally, techniques based on Deep Learning have
recently appeared and constitute a new approach to joint geometry-dielectric properties inversion.
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2. Reminders on radar physics

A radar (RAdio Detection And Ranging) is an active remote sensing system using electromagnetic waves capable of
reflecting on discontinuities. The transmission system is associated with a system for receiving reflected waves. To the
first order, knowing the speed of the electromagnetic waves in the medium they cross, it is possible to estimate the
distance of the reflective object (Eq. 1).

The radar equation (e.g. Lynn, 1986) describes the path of energy from the source to the target and back. The energy of
the source depends on the power of the radar and the gain of the antenna. The surface energy of the wave front
decreases progressively with the square of the distance. Part of this wave front encounters the target with a certain
effective area. A wave train returns to the device. The energy of this secondary source also decreases with the square of
the distance. If the ground is rough some of the energy will radiate and be lost to the receiver.

Transmitter- Target
receiver area o

Py
\
\
Spherical

Figure 1: Diagram of a radar system and its target used to calculate the "radar equation”
(modified after Lynn, 1986).

The radar equation describes the power loss between source and receiver. Without going into the details of the
calculation (e.g. Lynn, 1987) the power P, received by the radar depends on the characteristics of the source, the
distance to the target, the properties of the medium in which the waves propagate and the properties of the target.

P. = f(source — receiver, distance, propagation medium, target) (2)

The source is characterized by the emitted wavelength and by the power of the transmitter modulated by the gain of the
antenna. The receiver is characterized by its sensitivity which partly depends on the gain of the receiving antenna. For a
monostatic device, the transmitting antenna is also the receiving antenna. Gain in emission is the same as the gain in
reception.

If the emission and backscatter sources are considered as point sources, the power flux-density will decrease with the
square of the distance to the target. By combining the decay of the emission towards the target with the decay of the
backscatter towards the receiver, the power decreases with the fourth power of the distance between the source and the
target.

The electromagnetic wave will propagate in a medium characterized by its dielectric properties. The permittivity
defines the speed of the wave in the medium as well as the attenuation of the signal along the path of the wave. The
effects of permittivity and the factors that control it are discussed in Part 3.

The target is, to first order, a discontinuity of the permittivity. Part of the waves will refract and continue its course
while another will be backscattered. The backscattered power will depend on the permittivity contrast between the
target and the propagation medium as well as the surface properties of the target and in particular its roughness. Indeed,
the waves are reflected in a specular way on an ideally flat surface (not rough) whereas they will be backscattered on a
rough surface (fig. 2). The roughness of the interface between the two media will therefore be an important parameter
for controlling the backscattered intensity.
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Figure 2: a) Effect of target roughness on radar signal backscatter. The rougher the surface, the
more the signal is backscattered. b) Backscattered intensity as a function of viewing angle.
Backscatter increases the intensity of the backscattered signal at wide viewing angles on rough
surfaces (from Ford et al., 1993).

3. Permittivity

The developments of Maxwell's equations in connection with the radar method will not be given later. The interested
reader will refer for example to Koslov et al. (1986) or Grima (2011). The following sections describe the rock
parameters that control the radar signal. An electromagnetic wave will be transmitted in a rocky material with a given
speed, v. This wave will also see its amplitude decrease. This decrease in intensity is added to the decreases in the radar
signal described in part 2. These two effects depend on the value of the dielectric permittivity of the medium crossed.
This permittivity is commonly defined as a complex number [e ', tan3] for which the real part describes the relations
between the speed of waves and the speed of light:

v=72(3)

With v, speed of the electromagnetic wave, ¢, speed of light in vacuum, €’, permittivity of the material.

The imaginary part of the permittivity is called the loss tangent. It describes the attenuation of the wave in the medium
crossed, which is very low in dielectric materials such as rocks. Grima et al. (2009) measures the loss tangent of the
Martian north polar cap to deduce the impurity content.

Thereafter, we will name “permittivity” the real part of the total permittivity, and we will symbolize it by €. The ranges
of permittivities are given for common materials in table 1. The rocks present a contrast in permittivity which does not
allow them to be discriminated. On Earth, knowledge of the geological environment generally makes it possible to
overcome the question of determining the rocks. On Mars, the question is more delicate to resolve. It is necessary to
rely on geomorphological observations or hyperspectral measurements to define the geological context.
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Snow
Hydrocarbons

Ices

Magmatic Rocks
Sedimentary Rocks
Metamorphic Rocks
Minerals

Alcohols

Liquid Water

Table 1: Permittivity range for common materials (modified from Grima, 2011).

In a rocky material, the permittivity depends to the first order on the nature of this material. The value of the
permittivity will however be modulated by external factors, such as the content, the observation wavelength, the
temperature and the impurity content. The variation of permittivity with frequency can be approximated with Debye's
equation. Applied to rocks and for wavelength values used in sounding radars, Debye's equation shows a weak
dependence of permittivity on wavelength.

The relationships between temperature and permittivity are established experimentally (e.g. Heggy et al., 2003). There
are a few results that show that low Martian temperatures do not significantly change permittivity values.

Impurities, such as voids, will play a more important role than temperature and observation wavelength. Loyenga's
model (1965) is based on the impurity volume fraction to estimate the permittivity of the mixture:

gc'm = (1 - -f)‘c"m”3 + fgﬁ‘lﬂ (4)

With f, volume fraction of component i, i, permittivity of component i, em permittivity of the matrix and . permittivity
of the mixture.
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Figure 3: Variation of permittivity as a function of the ice fraction in a firn. The curves represent
different mixing models including the Looyenga model (1965) and the points represent in situ
measurements. Note the good agreement between observations and models (according to Wilhelms,
2005).
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4. Inversion of radargrams for the study of planetary undergrounds

The product from a radar is a radargram. It is a graphic representation which gives in abscissa a length corresponding to
the path of the device and in ordinate a time corresponding to the reflections of the signal recorded by the device. The
abscissa is therefore a length while the ordinate is a time. The objective is to transform the ordinate axis in depth to
obtain a geometric representation of the underground. This is the migration operation.

According to equation (1), this operation is easy if we know a priori the permittivity of the underground. It will suffice
to transform the time scale into distance. However, this case is rare. As we have seen in the previous paragraphs, the
permittivity will vary not only according to the nature of the ground but also according to the content of impurities.
There are several techniques to estimate the permittivity from a radargram. The simplest consists in setting the
radargram on geometric elements visible on the surface (4.1). A second technique consists in modeling the 3D geometry
of the underground (4.2). It is also possible to calculate the subsoil velocity from hyperbolic signatures (4.3) or from the
ration between the emitted power to the received power (4.4). In recent years, techniques based on deep learning have
appeared (4.5).

4.1 Radargram inversion using external geometric data

411 Example on an Eolian Dune
From layer thickness measurements produced from topographic and imagery data, it is possible to propose the
following method. From a digital terrain model (DTM — matrix of values describing the topography of a place) and an
orthorectified image (image for which the distortions due to the topography have been removed) it is possible to
estimate the thickness of this layer. The process can be described on the example of a dune (Fig. 4).

Figure 4: a) Barkhane in the Arkhangelsky Crater Dunes on Mars (41.09°S, 335.21°E). b) Digital
Elevation Model of the Barkhane field (Hirise Team - https://www.uahirise.org/dtm/). C) Section of
the barkhane. The length of the section gives the scale of the images.

We do not have a radargram for the dune represented in figure 4. For the example, figure 5 gives the image of a
radargram of a terrestrial dune. The reflectors are perfectly identifiable. The base of the dune is represented by a strong
horizontal reflector. By combining the topography of the dune with the temporal data of the radargram, it is possible to
estimate the speed of the waves in the dune and to deduce the permittivity of the material composing the dune. In this
example, the estimated permittivity will be an average permittivity taking into account the porosity of the sand as well
as the oblique discontinuities visible on the radargram.
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Figure 5: Radargram of a dune at Napeague, NY, USA from GPR (Girardi et al., 2010). Notice that
the vertical axes are labelled in time on left and in distance on right. Notice also the strong sub-
horizontal reflector visible at the base of the dune.

This estimate will be marred by an uncertainty which depends on the uncertainty on the propagation time, on the
uncertainty on the measurement of the thickness of the sand, on the uncertainty of the permittivity on the non-porous
rock.

The uncertainty on the propagation time measurement is a function of the sampling frequency (Bramson et al., 2015).
The uncertainty on the thickness of sand will depend on the accuracy of the DEM. This accuracy is generally estimated
at 0.25m for Hirise DEM’s. The other geometrical parameter, which is more difficult to estimate, is the position of the
substratum. We can estimate that it is horizontal, that it is oblique or even irregular without having any precise
constraint on the model. The simplest is a plane oblique estimate. The nature of the material is the last uncertainty of the
problem. Martian data shows that the dunes are made up of basalt sand. On such an example it is therefore possible to
estimate, in addition to the internal geometry of the dune, the porosity of the sand that constitutes it.

4.1.2  Example on sedimentary layers
The surface of Mars is locally covered by sedimentary deposits that are clearly identifiable on satellite images (fig. 6).
From a radargram and the thickness of the sedimentary layers. It will be possible to estimate the permittivity of the
sedimentary material.

b 0 100 200 300 100

Figure 6: Martian sedimentary deposit (Est Chandor Chasma — Hirise image
https://www.uahirise.org/dtm/) and cross section according to DEM produced by Hirise Team.
Note the clearly visible layers in the image. The length of the section (500 m) gives the scale.
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4.2 Radargram inversion by modeling the geometry of the studied object

The following example is taken from the work of Grima et al., (2009) who use Sharad data on board the Mars
Reconnaissance Orbiter to estimate the impurity content of the ice of the northern polar cap of Mars (fig. 7). The
authors model the 3D geometry of the interface between the bedrock and the cap from the altitudes of the ice-rock
interface measured around the perimeter of the cap. From the characteristics of the radar signals recorded on the
available Sharad profiles and the modeled thicknesses of the ice cap, the authors estimate the permittivity of the ice as
well as its loss tangent. As the values measured are close to those of pure ice, they estimate that the impurity content is
low in the North ice cap.

I Sharad 1443501

Figure 7: example of Sharad profile through the North polar cap. The vertical axis is time. Note the
reflectors between the cap and the bedrock (Grima, 2009).

4.3 Coupled geometry-permittivity inversion methods

4.3.1  Methods based on diffraction hyperbolas
A class of coupled geometry-permittivity inversion methods uses diffracting element geometric properties to first
estimate wave velocities to deduce permittivities and then use the velocity estimates to migrate the radargrams to obtain
sections of the underground. The techniques are very similar to those used for the migration of seismic refraction
profiles. The basic elements of the method are given in figure 8.
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Figure 8: a diffracting object is located in a homogeneous subsoil. The radar echo of this object
appears long before the radar is over the object. The typical signature is a diffraction hyperbola
whose slope is inversely proportional to the wave velocity in the homogeneous medium.(modified
from https://em.geosci.xyz/content/geophysical_surveys/gpr/physics.html - last view the
12/05/2022).

A diffracting object located in a homogeneous underground will have a characteristic signature. “Diffraction
hyperbolas” will appear on the radargram. These hyperbolas are produced by the radar echoes on the object appearing
before and after the radar is directly above it. Geometric considerations show that the slope of the hyperbola which
appears on the radargram is inversely proportional to the speed of the waves.

These considerations form the basis of inversion techniques. Liu et al. (2023) propose an inversion method based on
this concept. The difficulties to be solved consist in developing an effective filter capable of distinguishing the
refraction hyperbolas of the reflected waves as well as knowing the shape of the radar pulse.

Page | 8

* *

i *** This project has received funding from the European Union’s Horizon 2020 research and innovation programme under
P MSCA-RISE2020 grant agreement No 101007973.


https://em.geosci.xyz/content/geophysical_surveys/gpr/physics.html

FlyRADAR

Diffraction Time
separation migration
RMS velocity Reflection » Wavelet
analysis separation estimation
. . L1-norm
Dix inversion .
inversion

X |

velocity
Figure 9: Flowchart illustrating the method proposed by Liu et al. (2022) for inversion of GPR
data.

4.3.2  Methods based on the intensity of the signal reflected on the interfaces

A radar wave arriving at the surface of a planet will be partly reflected, partly diffracted by the surface roughness and
partly transmitted into the planet (figure 10). The transmitted wave, when it encounters a permittivity interface, will be
partly reflected back to the surface, partly diffracted by roughness and partly transmitted deeper into the planet's crust.
The intensity of the first signal that returns to the radar depends on the permittivity contrast between the atmosphere and
the first rock layer as well as the surface roughness. The intensity of the signal marking the reflection on the second
interface will also depend on the permittivity contrast between the two rock layers as well as the roughness of this
interface. The intensity of the signal received by the sensor is therefore a function of the geometry of the system (cf eq.
2) as well as of the permittivity contrast between the layers. If it is possible to measure or model the roughness of the
interfaces, then it is possible to estimate the permittivity of the two outermost layers of the planet.

Signal diffracted and reflected
P from interface roughness
i and permittivity contrasts

p |

SS

Figure 10: Electromagnetic model of the surface of a planet (modified after Alberti et al., 2012).

This method is efficient for determining the geometry and dielectric properties of horizontal layers whose roughness
can be measured or estimated (Picardi et al., 2008).
4.3.3  Methods based on Deep Learning

Liu et al. (2021) propose a deep learning method for the inversion of product radargrams for the study of tunnel linings.
The grating specifically targets diffraction hyperbolas to identify the geometry of diffracting elements. The system is
trained on synthetic radargrams produced for diffracting elements of various geometries. This method is promising to
reconstruct the geometry of these diffracting elements for data produced by the FlyRadar system. However, it will be
necessary to produce learning data, on real or synthetic cases.

Page | 9

i *** This project has received funding from the European Union’s Horizon 2020 research and innovation programme under
P MSCA-RISE2020 grant agreement No 101007973.



FIYRADAR

Output
Permittivity map

Input
B-Scan

Figure 11: Architecture of the GPRInvNet network. The input data (radargram) is reduced in an
encoder and then expanded in a decoder to produce a permittivity section. (Liu et al., 2021).

5. Conclusion

The radargrams produced by the FlyRadar system will need to be inverted to produce the most reliable geometry and
permittivity estimates possible. Inversion techniques are based on radar equations that describe how signal strength
changes along its path from the transmitter to the target and back to the receiver.

If external data is available, such as the layer thickness measurement for example, it will be possible to estimate the
permittivity of these layers from the return times of the signal to the sensor. Other techniques make it possible to jointly
invert the geometry and the permittivity from a radargram. These techniques are based either on the characteristics of
the diffraction hyperbolas, or on the intensities of the signals picked up by the radar. Other techniques such as deep
learning have not yet been used to process geological data. However, they seem promising on the available examples.
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