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ABSTRACT

Context. The internal structure of small Solar System bodies (SSSBs) is still poorly understood, although it can provide important
information about the formation process of asteroids and comets. Space radars can provide direct observations of this structure.
Aims. In this study, we investigate the possibility to infer the internal structure with a simple and fast inversion procedure applied to
radar measurements. We consider a quasi-monostatic configuration with multiple measurements over a wide frequency band, which
is the most common configuration for space radars. This is the first part (Paper I) of a joint study considering methods to analyse
and invert quasi-monostatic microwave measurements of an asteroid analogue. This paper focuses on the frequency domain, while a
separate paper focuses on time-domain methods.
Methods. We carried out an experiment in the laboratory equivalent to the probing of an asteroid using the microwave analogy (mul-
tiplying the wavelength and the target dimension by the same factor). Two analogues based on the shape of the asteroid 25143 Itokawa
were constructed with different interiors. The electromagnetic interaction with these analogues was measured in an anechoic chamber
using a multi-frequency radar and a quasi-monostatic configuration. The electric field was measured on 2372 angular positions (corre-
sponding to a sampling offering complete information). We then inverted these data with two classical imaging procedures, allowing
us to reach the structural information of the analogues interior. We also investigated reducing the number of radar measurements used
in the imaging procedures, that is both the number of transmitter–receiver pairs and the number of frequencies.
Results. The results show that the 3D map of the analogues can be reconstructed without the need for a reference target. Internal
structural differences are distinguishable between the analogues. This imaging can be achieved even with a reduced number of mea-
surements. With only 35 well-selected frequencies over 321 and 1257 transmitter–receiver pairs, the reconstructions are similar to those
obtained with the entire frequency band.
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1. Introduction

In recent decades, humans have moved a step closer to under-
standing outer space through the development of new sensors
and imaging techniques. Such discoveries make it possible to
probe asteroids and comets, and thus improve our knowledge of
the history and evolution of the Solar System (Herique et al.
2018). In particular, radar tomography constitutes a promis-
ing approach to reconstruct the internal structure of such small
Solar System bodies (SSSBs). The Comet Nucleus Sounding
Experiment by Radio-wave Transmission (CONSERT) radar,
which probed comet 67P/Churyumov-Gerasimenko during the
European Space Agency (ESA) Rosetta space mission (ren-
dezvous in November 2014), is the first space radar sent to SSSBs
(Kofman 2007). Thanks to this radar, many scientific discover-
ies have been made, such as the determination of the average
permittivity, the volumetric dust/ice ratio, and the porosity of
SSBBs (Kofman et al. 2015; Ciarletti et al. 2015, 2017; Herique
et al. 2019a). These findings motivated the development of future
space missions (Herique et al. 2018). The ESA HERA mission,
which will be launched in October 2024 and will rendezvous
with the binary asteroid 65803 Didymos in December 2026

(Michel et al. 2018), carries a monostatic radar called Juventas
Radar (JuRa), which will be used to study the inner structure
of Didymos (Herique et al. 2019b). Other potential missions
equipped with space radars are also being considered for imag-
ing asteroids, such as the near-Earth asteroid 99942 Apophis
(Herique et al. 2022).

In order to prepare the measurement exploitation for these
future space-radar missions, we investigate potential imaging
procedures that can be used to reconstruct the interior of an
asteroid. To do so, we prepared 3D printed analogues and mea-
sured the interaction of a multi-frequency electromagnetic wave
within these analogues. These experiments were carried out
in the laboratory in an anechoic chamber. The measurements
were performed in a quasi-monostatic configuration, that is, a
transmitter–receiver pair, which measures the scattered field, was
moved close together on a spherical surface centred on the ana-
logue. This data set was jointly processed with two inversion
methods: one in the time domain and the other in the frequency
domain. This latter is the subject of this paper and Paper I of the
joint study.

Imaging procedures have been developed by the inverse
problems community over the last decade. A review of 3D
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Fig. 1. Greyscale photography of the asteroid 25143 Itokawa taken by
the European Southern Observatory (ESO).

inverse full-wave algorithms tested against the same experimen-
tal data set can be found in the special section devoted to inverse
problems in 3D Fresnel database (Geffrin et al. 2009). These
non-linear procedures allow a permittivity map to be retrieved
for the probed target. The usual diameter of targets that are
reconstructed with this type of non-linear procedure is of a
few wavelengths (Litman & Crocco 2009). Finding a recon-
struction for unusually large targets poses a challenge, because
for 3D targets, the number of unknowns increases rapidly with
the size of the target; although this number depends on the
mathematical description of the unknowns (Deng et al. 2021b),
it generally becomes very large for objects larger than a few
wavelengths. Another difficulty is the noise that can disturb the
measurements, because this type of procedure generally uses a
minimisation process and can fall into a local minimum, espe-
cially in the presence of reduced signal-to-noise ratio (S/N).
Different regularisation methods have been developed to avoid
these problems, such as adding a penalty term (Bertero &
Boccacci 1998), balancing each measurement according to its
accuracy with a Bayesian approach (Eyraud et al. 2009), enforc-
ing sparsity (Bevacqua et al. 2017), or combining methods (Deng
et al. 2021a). In any case, significant methodological and com-
putational developments are required in order to use this kind of
procedure to image asteroid-sized objects.

Under certain assumptions, imaging procedures can be lin-
earised by limiting the reconstruction process to finding a struc-
tural image for the target. In this type of non-iterative imaging
procedure, the number of unknowns is less critical, and such pro-
cedures are also less sensitive to noise. In this study, we focus on
adapting an approach of this kind in order to image SSSBs, or
more specifically an asteroid analogue with the shape of 25143
Itokawa (see Fig. 1), (Fujiwara et al. 2006) with an internal struc-
ture made up of three layers, which was initially presented in
Sorsa et al. (2019) and later fabricated as an analogue object
(Sorsa et al. 2021a).

The standard synthetic aperture radar (SAR) imaging method
is a classical technique applicable to a large target. The images
resulting from SAR processing are projections of the reflectivity
of a 3D volume onto a 2D surface (Curlander & McDonough
1991). This can lead to distortions in the reconstructed images.
To obtain more coherent information on the height of the
object, techniques have been developed such as interferometry
SAR (Ulander & Frolind 1998) or polarimetry SAR (Cloude &
Papathanassiou 1998). SAR tomography, which was developed
in recent years (Reigber & Moreira 2000), is relevant to the imag-
ing of SSSBs, and small asteroids in particular; see for example
the advanced methods proposed in Gassot et al. (2021). Other

techniques, also derived from radar imaging, have been devel-
oped such as wavefield tomography (Sava & Asphaug 2018b),
which reconstructs the radar wave propagation speed at any
point inside the object or wavefield migration (Sava & Asphaug
2018a), which provides images of the reflectors inside the body.

In this paper, we attempt to adapt an imaging procedure
based on the reconstruction of the induced currents (Eyraud
et al. 2013). The induced currents of the body area are obtained
from scattered far-field using the observation equation of the
scattered field in Eq. (1), which links the induced current to
the scattered field. Our previous works were conducted using a
single frequency and making the best use of spatial information
in a bistatic configuration (Eyraud et al. 2018). In this study,
we consider the most commonly used type of space radar,
in a quasi-monostatic configuration, and exploit the multi-
frequency aspect.

In Sect. 2, we present and describe the asteroid analogues,
and in Sect. 3, we explain the measurements we carried out in the
laboratory. The principles of inverse procedures and their imple-
mentation are detailed in Sect. 4. In Sect. 5, we explain strategies
for reducing the number of measurements in both the number of
spatial positions and the number of frequencies. The imaging
results obtained in different cases are presented and discussed in
Sect.s 6, and 7 is dedicated to our conclusions.

2. Asteroid analogue

In this study, we consider analogue models with the shape of
asteroid 25143 Itokawa (Fig. 1) which was explored by the
space mission Hayabusa (Kramer 2016; Tsuchiyama et al. 2011).
Itokawa is an S-type Apollo asteroid discovered in 1998 by LIN-
EAR, the Lincoln Near-Earth Asteroid Research joint project
with the US Air Force, NASA, and the Massachusetts Insti-
tute of Technology, MIT, Lincoln Laboratory. The structure of
Itokawa is composed of two parts, the head and the body, and
due to its low density and large porosity this object is consid-
ered to be a ‘rubble pile’ asteroid (Fujiwara et al. 2006). In the
present study, we analyse two 3D-manufactured analogue mod-
els with the shape of Itokawa in a controlled environment. Our
aim is to reconstruct its interior structure from radar measure-
ments and thus prepare for future space missions. The exterior
surface of the analogue models is based on Hayabusa’s accurate
optical shape data (Kramer 2016). The analogues were manu-
factured using the low-loss Preperm ABS450 filament (Premix
Oy, Finland) the relative electric permittivity of which is εr =
4.50+ i0.019 at a frequency of 2.4 GHz. Each analogue is a tetra-
hedral mesh-based wire frame where the relative filling density
was chosen to approximately correspond to the supposed rela-
tive internal permittivities εr = ε

′
r + iε′′r according to the process

described in Saleh et al. (2021, 2021a). One of the analogues
is a homogeneous model (HM) with a constant relative electric
permittivity of ε(i)

r = 3.40 + i0.04, while the other is a detailed
model (DM) composed of a mantle covering an interior part
and a deep interior void (Fig. 2). Motivated by findings suggest-
ing the existence of a porous mantle (Jutzi & Benz 2017) and
relatively low overall density (Carry 2012), allowing for the exis-
tence of macro-porosities such as voids, this three-layer structure
was first introduced in the numerical study of Sorsa et al. (2019),
in which tomographic reconstructions were found using a numer-
ically simulated set of full-wave measurements. Later, the same
structure was used as a basis for the manufacture of the analogue
objects investigated in the present study, as described in detail in
Sorsa et al. (2021a).
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Table 1. Laboratory vs space radar analogy for a 0.205 m analogue in its largest dimension and the 535 m Itokawa asteroid in its largest dimension.

Analogue asteroid Real asteroid

FB [GHz] Lab radar f0 B/ f0 Space radar f0 FB [MHz]

f ∈ [2, 18] 10 GHz 1.6 3.8 MHz f ∈ [0.76, 6.84]
f ∈ [3.5, 16] 9.75 GHz 1.3 3.74 MHz f ∈ [1.31, 6.17]
f ∈ [3.5, 12] 7.75 GHz 1.1 2.97 MHz f ∈ [1.34, 4.60]

Notes. B/ f0 denotes the bandwidth (B) vs. centre frequency and FB the frequency band.

void ε(v)
rinterior ε(i)

rmantle ε(m)
r

Fig. 2. 3D image of the DM analogue with the mantle layer and the
deep interior void (ε(m)

r = 2.56 + i0.02, ε(i)
r = 3.40 + i0.04, ε(v)

r = 1).

In the DM, the relative permittivity of the interior com-
partment coincides with that of the HM, while the mantle and
void have lower values of ε(m)

r = 2.56 + i0.02 and ε(v)
r = 1.

These relative permittivities were determined from measure-
ments as described in a previous study (Eyraud et al. 2020).
These two targets have already been employed in an analysis of
signal propagation and back-propagation, comparing laboratory
measurements for a single spatial point with calculated fields
(Eyraud et al. 2020; Sorsa et al. 2021b). In the present study,
we performed experiments using the frequency band from 2 to
18 GHz. The diameter of the bounding sphere is 0.24 m, which
corresponds to 14.8 λm at the centre frequency f0 considering the
wavelength λm of the medium and 2.9 λm and 26.7 λm at the min-
imum and maximum frequency, respectively (Vaillon & Geffrin
2014). Given the real size of the Itokawa asteroid, our study cor-
responds to an equivalent experiment by microwave analogy of
a space radar with a centre frequency of f0 = 3.74 MHz and a
bandwidth of B = 4.86 MHz. We note that the ratio bandwidth
(B) versus centre frequency in our setup is larger than the one
used for the CONSERT radar on board the Rosetta ESA mis-
sion (B/ f0 = 0.1) and the radar on board the Juventas cubesat
in the HERA ESA mission (B/ f0 = 0.3). The laboratory-versus-
space-radar analogy has been studied according to the different
frequency bands investigated in this study and the results are
shown in Table 1.

3. Laboratory measurements

The measurements of the two Itokawa analogues were made
in a controlled environment, namely the anechoic chamber of
the Centre Commun de Ressources en Microonde (CCRM) in
Marseille, France (Geffrin et al. 2009). This chamber provides
a spherical experimental setup, allowing measurements to be
performed on a sphere encircling the target; here, in a quasi-
monostatic configuration. For this purpose, the transmitting and

ex

ey

ez

θ

φ
M

Receiver

Transmitter

Fig. 3. Itokawa analogue in the anechoic chamber (the Plexiglas
spheres, visible around the analogue, are here for alignment purposes
and are removed during the measurements).

receiving antennas are spaced 12◦ apart in the elevation direc-
tion for all measurements (Fig. 3). The antennas are placed at
a distance of d = 1.794 m from the centre of the analogues.
The transmitting–receiving antenna pair can be moved by the
elevation angle ϕ (ranging from −180◦ to 180◦) and the target
can be moved itself by the azimuthal angle θ (ranging from 26◦
to 154◦; Fig. 3). The combination of movements allows us to
explore almost the full sphere surrounding the target in the ref-
erence frame in which it is fixed. The angular step ∆ϕ and ∆θ
are selected in concordance with the Nyquist sampling criterion,
considering the maximum frequency (Bucci & Isernia 1997). To
obtain a sampling step of 4◦ in all directions around the ana-
logue, the angular sampling of the elevation angle is ∆ϕ = 4◦.
The azimuthal angular step is chosen according to the elevation
angle: that is the azimuthal angular step is larger at the pole
than in the horizontal plane, which results in an ‘Igloo’ con-
figuration and alleviates the need to measure several points that
might give the same information. This corresponds to a mini-
mum pitch of ∆θ = 4◦ at ϕs = 90◦ and a maximum pitch of
∆θ = 9◦ at ϕs = 26◦. In addition, the ‘Igloo’ configuration allows
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a) b) c)

Fig. 4. Scheme of the measurement point distribution for different configurations. Panel a: all the measurements points. Panel b: selection of 1257
points. Panel c: selection of 363 points.
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Fig. 5. Spatial variations of the modulus (a–c) and phase (d–f) of the scattered electric field measured in the anechoic chamber, at f = 3.5 GHz
(left), f = 10 GHz (centre), and f = 16 GHz (right). These values of the scattered field are plotted on the positions corresponding to the configura-
tion in Fig. 4a.

a reduction of the measurement time by around 30 % compared
to regular angular spacing. The total number of spatial points
(transmitter/receiver) is equal to N = 2372 as shown in Fig. 4a.
The minimum, centre, and maximum frequencies are respec-
tively fmin = 2 GHz, f0 = 10 GHz, and fmax = 18 GHz, with a
frequency step of ∆ f = 0.05 GHz, that is N f = 321 frequencies.
The polarisation is kept linear along the direction of the elevation
unit vector for both the transmitter and the receiver.

The experimental scattered field is obtained by subtracting
two fields: the first measured in the presence of the ana-
logue and its pedestal, and the second with the pedestal only.
This subtraction gives only the scattered field and reduces any
pedestal effects. All these measurements are calibrated and
post-processed with a reference target for which quantitative
scattered fields can be extracted (Geffrin et al. 2009; Eyraud

et al. 2008). Visualisations of the complex field are shown in
Fig. 5. In this figure, the amplitude and phase of the scattered
field are plotted at the angular positions corresponding to the
configuration in Fig. 4a for different frequencies so that the evo-
lution of the scattered electric field as a function of frequency
is visible.

4. Inverse imaging procedure

4.1. Principle

Inverse imaging techniques are designed to obtain information
about the scattering object based on the scattered field emanat-
ing from the target, which is illuminated with a known incident
electromagnetic wave. The objective of inverse problems is
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to determine the causes from the known effects (Bertero &
Boccacci 1998). Here the effect is the measurement of the inter-
action of the incoming wave with the target, while the cause
that is sought is the structure and position of the object. Find-
ing a reconstruction necessitates solving an inverse problem, that
is, an ill-posed problem without a unique solution, for which a
given effect can follow from various different causes. However,
in the case of the structural imaging implemented here, where
the induced current is reconstructed (not the permittivity), the
relationship between the desired physical quantity and the data
is linear (see Eq. (1)), and a solution must exist, thus avoiding
ill-posed problems, the effect of noise is also reduced.

In this study, the purpose is to obtain a fast structural visuali-
sation of the object. Our imaging techniques are therefore based
on the observation equation of the scattered field, which for a
receiver placed at a position rΓ can be written as

Esca(rΓ) =
$

Ω

G(rΓ, rΩ)J(rΩ) drΩ, (1)

where G is the dyadic free-space Green’s function between the
object zone Ω and the receiver zone Γ, and J is the induced
current, written as

J(rΩ) = χ(rΩ)E(rΩ), (2)

where χ(rΩ) = k2
0εr(rΩ)− k2

0 is the permittivity contrast (k0 being
the wavenumber in vacuum) and E the electric field. This equa-
tion is used below to retrieve the induced currents, which allow
both the external shape of the object and its internal structure to
be visualised.

Considering the following far-field conditions:

∀rΩ ∈ Ω, k0rΓ ≫ 1, rΓ ≫ rΩ,
k0r2
Ω

2rΓ
≪ 1,∀rΓ ∈ Γ, (3)

with the time convention −iωt, the dyadic free-space Green’s
function in spherical coordinates can be approximated as

G(rΓ, rΩ) ≈
eiks · (rΓ−rΩ)

4π(rΓ − rΩ)
[
I − erΓ ⊗ erΓ

]
, (4)

where ks = k0erΓ depicts the scattered wave-vector, I is the iden-
tity operator, and (erΓ , eθΓ , eϕΓ ) is the vector basis of the spherical
system of coordinates.

The Green’s function depends on ks and, by extension, on the
relative permittivity of the propagation medium. If we consider
that the wave propagation within the analogue takes place in a
vacuum, this will lead to a reconstructed object with a distorted
shape. The fact that the wave does not have the same velocity
inside the object as outside is therefore taken into account in an
approximate way. Based on an estimate of the permittivity of
the medium, assumed homogeneous, inside the target, this value
was determined from the far-field scattering pattern in the time
domain for the central transmitter–receiver position (ϕ = 90◦
and θ = 174◦). The average permittivity can be approximated
from the average wave velocity inside the target given the ratio
between the diameter and the time difference between the two
major peaks scattering from the two ends of the target (Eyraud
et al. 2020). The time t taken for the wave to pass through the
object is therefore easily calculated and the relative permittiv-
ity of the target is reached (εr = 3.40). In the calculation of the

Green’s function, this information is embedded in the scattered
wave-vector:

ks · (rΓ − rΩ) ≈ k0 · (rΓ −
√
εrΩrΩ),

G(rΓ, rΩ) ≈
ei(k0 · rΓ−kΩ · rΩ)

4π(rΓ − rΩ)
[
I − erΓ ⊗ erΓ

]
,

(5)

with k0 denoting the air wave-vector and kΩ the wave-vector
that is defined in the domain Ω. In order to retrieve an estimate
of the induced currents J, that is, to provide a structural image
of the analogues, the back-propagation and the pseudo-inverse
reconstructions were evaluated.

4.1.1. Back-propagation

Back-propagation (BP) is one of the most commonly used
methods (Bertero & Boccacci 1998) to obtain the induced cur-
rents. This technique provides an approximative solution of the
induced currents using Eq. (1). For each frequency, an estimated
value of the induced currents on the target zone (rΩ ∈ Ω), called
JBP, is then obtained using all the receiving positions, as follows:

JBP(rΩ, f ) =
$

Γ

G
⋆(rΩ, f , rΓ)Esca(rΓ)drΓ, (6)

where G⋆ is the transpose-conjugate matrix of the dyadic
Green’s function G.

4.1.2. Pseudo-inverse method

The pseudo-inverse (PI) method is the least squares solution of
the equation: Ĵ = argmin{∥Esca − GJ∥2}. The PI method con-
siders the pseudo-inverse matrix of the Green’s function G+ =
G
⋆(GG⋆)−1 (Campbell & Meyer 2009). The results of the PI

and BP methods are often very close as the only difference is
that the BP method approximates GG⋆ as the identity matrix.
The estimate of the induced currents retrieved in this case is as
follows:

JPI(rΩ, f ) =
$

Γ

G
+(rΩ, f , rΓ)Esca(rΓ)drΓ. (7)

4.2. Combination of the maps at different frequencies

Through the imaging procedure described above, we obtain 3D
reconstructions of the induced currents over a band of N f fre-
quencies. With the assumption that εr (and therefore the contrast)
does not change for the different frequencies, the reconstructed
maps are summed over the frequencies (Catapano et al. 2008):

Ji
f(rΩ) =

Nf∑
k=1

Ji(rΩ, fk), i = {BP,PI} . (8)

4.3. Implementation

The induced current maps are reconstructed in the domain Ω
containing the analogue, and so the domain must be carefully
chosen. This domain is larger than the analogue dimensions,
and can be described as a 0.4 × 0.4 × 0.4 m3 cube containing
a three-dimensional grid of points placed inside. This cube cor-
responds to a side length of 44.4λm and 4.9λm with respect to
the maximum and minimum signal frequency fmax and fmin,
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with λm denoting the corresponding wavelength inside the ana-
logue. The grid step is defined as ∆l = λ fmax/3 ≈ 5.6 mm for each
frequency, which can be considered appropriate regarding both
spatial resolution and computational cost.

In addition, the scattered field obtained from the measure-
ment points must be interpolated so as to obtain field values on
uniformly distributed reception points. As explained in Sect. 3,
an ’Igloo’ configuration is used, which does not have a uniform
angular step, that is, the scattered field obtained from the mea-
surements has to be interpolated before it can be inverted, as the
algorithm used requires a regular step for both angles. The scat-
tered field is interpolated on a sphere with a method based on
linear Delaunay triangulation (de Berg et al. 2008).

5. Optimisation of the number of measurement
points

5.1. Reduction of the frequencies number

Radar systems often provide wide frequency bands in order to
process the signals in the time domain. Working in the time
domain for imaging is an interesting way to see the interfaces
between media of different permittivities using the temporal
echo produced by the reflection of the wave at that interface. In
the procedures that use frequency domain, the refocusing of the
field on the inhomogeneities first exploits the spatial information
diversity (then possibly the frequency diversity in a second step).
This type of imaging procedure is not affected by the disper-
sive mechanism (in which permittivity varies with frequency).
Moreover, working in the frequency domain makes it easier to
reduce the number of useful frequencies. In this study, we will
see that we do not necessarily need all the frequencies. In order to
optimise the computation procedure, we carried out two exper-
iments to investigate the dependency of our procedure on the
frequencies used. The first is designed to distinguish whether or
not it is possible to obtain correct reconstructions by reducing
the frequency band. The second experiment looks at the effects
of an increase in the frequency step to reduce the number of
frequencies while maintaining the same frequency band.

5.1.1. Frequency band

It is important to note that the mesh pitch of our analogues is
4 mm, which is greater than λm/3 for frequencies above 16 GHz
(Saleh et al. 2021). The mesh size is therefore not sufficient
to consider the analogue as a homogeneous medium (or piece-
wise homogeneous for the DM analogue) for such frequencies
and the mesh effect will be visible. Therefore, frequencies above
16 GHz are omitted. In the low part of the frequency band, the
antenna coupling between the transmitter and the receiver is pre-
dominant, and so we choose not to use these frequencies for
the inversion process and start at 3.5 GHz. This study is based
on the idea that most of the energy of the scattered field is in
the low frequencies, that is, the information contained in the
high frequencies is not likely to improve the reconstructions.
It could even lead to the deterioration of the reconstructions
(see Sect. 6.3). As the whole frequency band (from 3.5 to
16 GHz) might not be entirely useful for finding a reconstruction,
a reduction of the frequency band is investigated. The maximum
frequency of interest, that is, the maximum frequency above
which the following frequencies will not be considered, can be
quantified by studying the energy profile of the scattered field as

1 44 100 200 N f
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0
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10
lo

g 1
0

( σ
2 j/
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iσ

2 i) [d
B

] 5∆ f = 0.25 GHz
∆ f = 0.05 GHz

Fig. 6. Singular values of the scattered field: σ, for two different fre-
quency steps. In both cases, the data are normalised according to the
sum of the squared singular values of each case. The vertical red line
corresponds to the cut-off obtained from the derivative of the curve.

a function of frequencies

W( f ) =
∑

rΓ |Esca(rΓ, f )|2∑
f
∑

rΓ |Esca(rΓ, f )|2
. (9)

We have chosen to keep only the frequencies from 3.5 to
12 GHz, which corresponds to 74.7% of the total energy (con-
sidering the 3.5–16 GHz band) and a bandwidth versus centre
frequency ratio of B/ f0 = 1.1. We note that considering the
whole frequency band leads to B/ f0 = 1.3.

5.1.2. Number of frequencies

As explained above, in order to analyse the signal in the time
domain, the frequency step of the measurement has to be suf-
ficiently small. However, in the frequency domain, such a step
is potentially unnecessary. In this part, we therefore examine
the effects of increasing the frequency step. In order to find the
suitable step size, we performed a singular value decomposition
(SVD; Wendland 2018) of the scattered field matrix depending
on the receiver positions rΓ and on the frequencies:

Esca(rΓ, f ) = UΣV†. (10)

The Σ matrix contains the singular values σi sorted by their
impact in the scattered field matrix. SVD allows us to identify
the approximate number of useful frequencies contributing to
the space of informative signals and the number of frequencies
constituting the noise space. We note that the spatial sampling
is chosen according to the Nyquist sampling criterion (Bucci &
Isernia 1997), and so the cut-off on the spectrum corresponds
to the frequency and not to the angular positions. In order to
find this number, the diagonal entries of Σ (corresponding to
the singular values σi) are plotted in Fig. 6 and its derivative
is calculated giving the cut-off of the spectrum at 44 frequen-
cies, meaning that 44 frequencies contain a suitable amount of
information on the scattered field a priori. We chose to select
this number of frequencies in an evenly spaced manner, giving
a frequency step of 0.25 GHz or 5∆ f . The choice is supported
by the plot of the spectrum of singular values of the reduced
scattered field strength considering the 3.5–16 GHz band with
a step of 5∆ f , which is close to the step used with the full
frequency band.
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5.2. Reduction of the number of measurement positions

The frequency band reduction implies a reduction in the num-
ber of measurement points. Considering that the measurements
are performed on a sphere enclosing the target, the minimal ele-
vation and azimuthal angular step (respectively ∆ϕ and ∆θ) are
calculated according to Bucci & Isernia (1997), as

∆θ = ∆ϕ =
c

2 fMa
, (11)

where a is the radius of the smallest sphere that can contain the
object, c is the velocity of light in vacuum, and fM is the max-
imum frequency. A band from 3.5 to 12 GHz with a frequency
step of ∆ f leads to an angular step of 6◦ for both angles θ and ϕ,
leading to 1257 points evenly distributed on a sphere surrounding
the object, as shown in Fig. 4b.

5.3. Spatial configuration selection

This section concentrates on the effects of a large angular step
on the reconstructions, a step that would be much larger than
that recommended by Eq. (11) and therefore by Bucci & Isernia
(1997). This study is motivated by the results obtained in Sorsa
et al. (2023). A configuration of a sparse point selection of the
transmitter is therefore used, selecting 363 from the 2372 mea-
surement points. This configuration corresponds to an angular
step of 20◦ as shown in Fig. 4c. The angular step is chosen so that
the points are evenly distributed as described in Paper II (Sorsa
et al. 2023).

6. Imaging results

The reconstructed maps are structural, that is, they provide infor-
mation on the position and shape of the heterogeneities, but not
on the permittivity values. Therefore, we choose to normalise the
maps between 0 and 1:

Ji
f,n =

|Ji
f | −min

(
|Ji

f |
)

max
(
|Ji

f |
)
−min

(
|Ji

f |
) . (12)

6.1. Quantitative quality measures

In order to obtain a quantitative estimation of the imaging results,
we set up quantitative quality measures for comparing the maps.
Each 3D reconstructed normalised map Ji,r

f,n is compared with the
real 3D-normalised map Ji,t

f,n using different quantitative qual-
ity measures. We consider the following quantitative quality
measures: root mean square error (RMSE), correlation (C), and
relative overlap (RO).

The first quantitative quality measure, RMSE, is a classi-
cal and widely used quantitative quality measure for comparing
images:

RMSEα =
√

1
NαΩ

∑
k

Mα
(
Ji,t

f,n

(
rk
Ω

)
− Ji,r

f,n

(
rk
Ω

))2
,

Mα =

{
1 ∀k ∈ α
0 otherwise,

α = void, ext or all,

(13)

with NΩ and Nα
Ω

denoting the total and α number of cells, respec-
tively. The RMSE quantitative quality measure was applied to
particular areas of the map: the entire map RMSEall, the outer
area, that is, outside the analogue RMSEext, and the void area
RMSEvoid (for DM only). The mask M varies according to the
selected area. For example, in the case of RMSEext, M is a 3D
matrix of the same size as the maps, equal to 1 in the outer area
of the analogue and 0 elsewhere. We note that for RMSEvoid,
in our reconstructions the void radiates in high values due to
the fact that it is a map of induced current (and not of con-
trast), and so the theoretical values are changed to ones instead
of zeroes.

We also consider the linear correlation between the two
maps:

Cα = 100

∣∣∣∣∣∣∣∣∣
CovM

(
Ji,r

f,n, J
i,t
f,n

)
√

VarM
(
Ji,r

f,n

)
VarM

(
Ji,t

f,n

)
∣∣∣∣∣∣∣∣∣

= 100

∣∣∣∣∣∣∣∣∣∣∣∣
∑

k

Mα
(
Ji,t

f,n

(
rk
Ω

)
− Ji,t

f,n

(
rk
Ω

)) (
Ji,r

f,n

(
rk
Ω

)
− Ji,r

f,n

(
rk
Ω

))
√

VarM
(
Ji,r

f,n

(
rk
Ω

))
VarM

(
Ji,t

f,n

(
rk
Ω

))
∣∣∣∣∣∣∣∣∣∣∣∣ ,

Mα =
{

1 ∀k ∈ α
0 otherwise,

α = int, ext or all,
(14)

with the variance VarM
(
Ji

f,n

(
rk
Ω

))
=∑

k

Mα
(
Ji

f,n

(
rk
Ω

)
− Ji

f,n

(
rk
Ω

))2
, Cov(•, •) denoting the covariance

operator, and Ji
f,n

(
rk
Ω

)
the mean of the values of Ji

f,n

(
rk
Ω

)
. To

separately evaluate the different areas of the map, we calculated
three correlations: on the entire map Call, on the outer area Cext

(only the domain outside the analogue is considered), and on
the interior part of the analogue Cint (only the domain inside
the analogue is considered). The RO (Sorsa et al. 2020, 2023) is
defined as

RO = 100
(

Area(A)
Area(S )

)
, (15)

where A = S ∩ R is the overlap between the set S to be recov-
ered, that is, the theoretical map, and the set R, the reconstructed
map, in which a given reconstruction is greater than a limit, such
that Area(R) = Area(S ). This quantitative quality measure is
only used for the overlap between the reconstructed map and the
theoretical map of the void for the DM analogue. Considering
the theoretical void area divided into nv voxels, RO evaluates the
percentage of these voxels reconstructed inside the map. We note
that the more similar the two maps are, the closer the RMSEs are
to zero, and the closer the correlations and RO are to 100%. The
correlations and RO values are presented as percentages.

6.2. Algorithm influence

In Sects. 4.1.1 and 4.1.2, we describe the two imaging methods
that were implemented, namely the BP and PI techniques. In this
section, the BP and PI reconstructions are presented and com-
pared. For these reconstructions, the entire frequency range from
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Table 2. Overview of the quantitative quality measures of HM reconstructions.

Row Method FB [GHz] # points RMSEall RMSEext RMSEvoid Call(%) Cint(%) Cext(%) RO(%)

1 BP f ∈ [3.5,∆ f , 16] 2372 0.143 0.110 – 18.8 63.6 2.6 –
2 PI f ∈ [3.5,∆ f , 16] 2372 0.143 0.110 – 18.8 63.7 2.6 –
3 PI f ∈ [3.5,∆ f , 12] 2372 0.150 0.122 – 21.0 69.6 2.9 –
4 PI f ∈ [12,∆ f , 16] 2372 0.168 0.146 – 21.5 69.9 2.8 –
5 PI f ∈ [3.5, 5∆ f , 16] 2372 0.147 0.116 – 19.9 65.8 2.8 –
6 PI f ∈ [3.5, 5∆ f , 12] 2372 0.151 0.125 – 22.1 71.2 3.0 –
7 PI f ∈ [3.5, 5∆ f , 12] 1257 0.155 0.130 – 22.6 72.5 3.1 –
8 PI f ∈ [3.5, 5∆ f , 12] 363 0.134 0.093 – 16.9 59.6 2.2 –

Table 3. Overview of the quantitative quality measures of DM reconstructions.

Row Method FB [GHz] # points RMSEall RMSEext RMSEvoid Call(%) Cint(%) Cext(%) RO(%)

1 BP f ∈ [3.5,∆ f , 16] 2372 0.113 0.079 0.763 23.7 69.0 3.3 19.1
2 PI f ∈ [3.5,∆ f , 16] 2372 0.113 0.079 0.763 23.7 69.1 3.3 19.1
3 PI f ∈ [3.5,∆ f , 12] 2372 0.116 0.086 0.721 24.7 71.1 3.4 25.4
4 PI f ∈ [12,∆ f , 16] 2372 0.151 0.134 0.722 21.9 71.1 2.9 5.8
5 PI f ∈ [3.5, 5∆ f , 16] 2372 0.115 0.083 0.755 23.8 68.9 3.3 20.6
6 PI f ∈ [3.5, 5∆ f , 12] 2372 0.118 0.089 0.718 25.0 70.6 3.4 25.4
7 PI f ∈ [3.5, 5∆ f , 12] 1257 0.118 0.089 0.707 25.2 70.9 3.4 27.0
8 PI f ∈ [3.5, 5∆ f , 12] 363 0.116 0.080 0.837 18.0 64.1 2.2 1.6

Fig. 7. Visualisation of the three planes on the theoretical 3D map (see
Fig. 2), which coincide with the 2D slices of the reconstructions.

3.5 to 16 GHz and all transmitter–receiver pairs are used. Fig-
ures 8 and A.1, for the PI and BP methods respectively, the 2D
slices of the 3D qualitative map obtained for the amplitude of
the induced currents (as defined in Eqs. (6)–(8)). The location
and orientation of these slices are shown in Fig. 7. Three planes
have been specifically chosen so that each plane passes through
the centre of the void. For Π1 and Π2, the planes correspond to
Z = 0 mm and Y = 0 mm, but the plane Π3 is passing through
X = −33.4 mm. In both cases, the external shape of the two ana-
logues is reconstructed with an appropriate volume size. For both
methods, a brighter area is highlighted on the DM reconstruc-
tions that corresponds to the deep-lying void. The reconstruction
of the void is obtained at a position slightly out of line with
where it should be, as one can observe from the white line

corresponding to the theoretical contour. Some disturbances are
also visible outside and inside the analogue. We discuss these
points in the following sections. Comparing Figs. 8 and A.1 visu-
ally, it can be observed that the reconstructions obtained using
the PI and BP methods do not show major differences.

In order to carry out a more rigorous comparison, the quan-
titative quality measures presented in Sect. 6.1 are evaluated and
grouped in the first two rows of Tables 2 and 3. The correla-
tion values remain far from what they should be in a perfect
reconstruction, except for Cint. However, these quantitative qual-
ity measures are especially useful for comparing the different
reconstructions with each other. We notice that the interior of
the analogue is the area with the greatest influence on the Call

quantitative quality measure. The outer area of the analogue,
which has a value of close to zero, contributes only slightly to
this quantitative quality measure.

Previously we noticed that the inner part of the analogue
reconstruction was not homogeneous and showed disturbances.
This can be expected to follow from the fact that, in our inver-
sion procedure, we do not account for the multiple scattering.
This point is developed further later in this article. Although the
overlap value is closer to 0 than to 100, it indicates a good quality
void reconstruction (Sorsa et al. 2023). We notice a deviation of
the void reconstruction in comparison with the theoretical one
of about two or three voxels in Y and Z: ∆Y = ∆Z ≈ 10−15 mm
and no deviation in X. This slight deviation roughly corresponds
to the resolution limit λm/2 of these reconstructions: that is, the
maximum expected resolution is 8.35 mm at the centre frequency
(9.75 GHz).

When comparing the quantitative quality measures between
the two methods, no significant differences were found. Based
on the quantitative quality measures, we conclude that BP
and PI methods offer the same quality of reconstruction. For
the rest of the study, we therefore use PI, which is the more
methodologically advanced of the two.
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Fig. 8. Slices of the amplitude of the reconstructed induced currents using the PI method for both analogues from measured scattered field
considering the 3.5–16 GHz frequency range and a frequency step of ∆ f . The line plot corresponds to the theoretical analogue. The figures on the
left correspond to the plane Π1, those in the middle to the plane Π2, and those on the right to the plane Π3.

Fig. 9. Correlation coefficient between the reconstructions with the full frequency band 3.5–16 GHz with a frequency step of ∆ f and those taking
into account a different frequency band for the BP-HM, BP-DM, PI-HM, and PI-DM cases. The horizontal grey dashed line corresponds to the
90% threshold for Call.

6.3. Frequency band influence

In Sect. 5.1.1, we looked at the possibility of reducing the fre-
quency band from 3.5–16 GHz to 3.5–12 GHz by examining the
scattered field matrix. To support this choice, reconstructions
taking into account the whole frequency band (from 3.5 to
16 GHz with a frequency step of ∆ f ) are compared with those
with the reduced frequency band and the correlation coefficients
Call between these reconstructions are calculated. We note that
the coefficients are calculated on a cube including the object
smaller than the domain Ω. Therefore, the Call values for the
HM and DM model reconstructions are presented in Fig. 9 for
both methods. We chose to consider that the reconstructions are
sufficiently accurate when the correlation coefficient is close
to 90%. This level is reached for all configurations with the

3.5-12 GHz band. However, in both cases, the coefficient Call

increases significantly when the low frequencies are taken into
account, that is, Call increases by about 60 and 40 percentage
points from the 3.5–4 band to the 3.5–12 GHz band for the HM
and DM model, respectively, whereas it only increases by about
10 percentage points from the 3.5–12 to the 3.5–16 GHz band.
This confirms our choice to reduce the frequency band from
3.5–16 to 3.5–12 GHz and, more generally, confirms that the
low frequencies are predominant in our reconstructions.

The frequency range is therefore reduced from 3.5–16 to
3.5–12 GHz, while the rest of the algorithm remains unchanged
and the frequencies taken into consideration are always summed
together. The reconstructions are shown in Fig. 10 and in this sit-
uation B/ f0 = 1.1. The external shape and deep interior void
remain visible. Here, an important aspect is that the artefacts
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Fig. 10. Slices of the amplitude of the reconstructed induced currents using the PI method for both analogues considering the 3.5–12 GHz band
and a frequency step of ∆ f . The line plot corresponds to the theoretical analogue. The figures on the left correspond to the plane Π1, those in the
middle to the plane Π2, and those on the right to the plane Π3.

surrounding the object (fast spatial variations) are largely
reduced, providing a smoother representation compared to that
obtained by considering the whole frequency band as depicted
in Fig. 8. The location of the deep interior void seems to be
unchanged from its location on the theoretical map and also from
the full band reconstructions.

The quantitative quality measures presented in Sect. 6.1 are
calculated and grouped on the third row of Tables 2 and 3 and
they are to be compared with the quantitative quality measures
obtained for the PI method provided in the second row of the
tables. The quantitative quality measures Cext, RMSEall, and
RMSEext are very close to the previously obtained values, with
no significant differences. In addition, quantitative quality mea-
sures Call and Cint are enhanced by 1–2% in the case of the
reduced frequency band for the DM and 2–6% for the HM. Sim-
ilarly, the void reconstruction is also of better quality according
to the RO and RMSEvoid.

The improvement of the quality measures can be explained
by the fact that we reconstruct the induced current J = χE (see
Eqs. (6) and (7)) and not the contrast term χ. The field E is
the sum of the incident field and the multiple scattering term

(E(rΓ) = Ei(rΓ) +
$

Ω

G(rΓ, rΩ)J(rΩ) drΩ), which cannot be

neglected in our case. In other words, E cannot be approxi-
mated by the incident field (Born approximation), especially for
high frequencies. This field has potentially rapid spatial varia-
tions within the domain Ω, especially in high frequencies, with
very localised areas where the field amplitude is strong (see e.g.
Fig. 2 in Sorsa et al. 2021b). This results in reconstructions that
are not easily interpreted without further non-linear processing.
By removing high frequencies, this problem is mainly avoided,
because we only consider frequencies for which the field inside

the target is not spatially disturbed and for which it is possible
to obtain contrast information from the induced currents map.
However, the elimination of high frequencies reduces the poten-
tial spatial resolution of our reconstructions, which may cause
an important loss of information about the void. To verify this,
reconstructions considering the high frequencies (12–16 GHz
band with a frequency step of ∆ f ) of the initial frequency band
are evaluated. In this situation B/ f0 = 0.3. The results are shown
in Fig. A.2, where it is no longer possible to see the informa-
tion on the external shape of the target. It might be possible
to distinguish the void, but not easily. It should be noted that it
would be possible to perform image processing on these recon-
structions. However, here we choose to present the raw results to
facilitate image comparisons and to improve our understanding
of the evolution of the quantitative quality measures. In addi-
tion, the difference of the maps presented in Figs. 8 and 10 has
been evaluated and is shown in Fig. A.5. In terms of HM recon-
struction, some differences between the two maps are visible in
the inner part of the surface; as to DM reconstructions, some
higher intensity values are distinguishable near the interior void
area. Therefore, some information has been lost. Nevertheless,
the maximum intensity difference does not exceed 0.2, meaning
that the loss of information is insignificant.

6.4. Frequency step influence

The aim of this section is to optimise the inversion procedure,
particularly by looking at a reduction in the number of useful
frequencies. In Sect. 5.1.2, we studied the SVD of the scattered
field matrix. In particular, it was justified that selecting only
44 isotropically distributed frequencies should have the same
information content as the 250 total frequencies. It should be
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Fig. 11. Slices of the amplitude of the reconstructed induced currents using the PI method for both analogues with 35 frequencies considering the
3.5–12 GHz range with a step of 5∆ f . The line plot corresponds to the theoretical analogue. The figures on the left correspond to the plane Π1,
those in the middle to the plane Π2, and those on the right to the plane Π3.

noted here that it was not possible to select exactly 44 frequen-
cies isotropically distributed from the 250 as the new frequency
step must be in agreement with the measured one. Therefore,
51 frequencies were selected in the reconstructions presented in
this section. The reconstructions taking into account a frequency
band from 3.5 to 16 GHz with a frequency step of 5∆ f are shown
in Fig. A.3. Comparing these with the reconstruction obtained by
considering the whole frequency band in Fig. 8, we do not notice
any major differences. Both the external shape and the void are
reconstructed with the same quality and the visible disturbances
around the object do not seem to be reduced.

In order to compare these reconstructions more accurately,
the quantitative quality measures are evaluated and presented
in the fifth row of Tables 2 and 3. These are to be compared
with those obtained for the reconstructions considering the
3.5–16 GHz band with a frequency step of ∆ f and the PI method
presented in the second row of the same tables. For all quanti-
tative quality measures of the HM and DM reconstructions, the
values are in good agreement and the differences are not sig-
nificant. In conclusion, the quantitative quality measures show
that the reconstructions with 51 frequencies are similar to those
with 250 frequencies. This was expected, because we have cho-
sen these frequencies to have the same information content (see
Sect. 5.1.2). It should also be noted that the choice to select
these frequencies as isotropically distributed is justified here by
the similarity of the reconstructed maps in the two situations.
Below, we therefore consider this new frequency step as well as
the reduced frequency band.

6.5. Influence of the new frequency step and reduction of the
frequency band

In Sects. 6.3 and 6.4, we show that it is possible to reduce
the frequency band and to increase the frequency step without

losing reconstruction quality and even to improve the image
with the reduction of the frequency band. Here, we combine
these two parameters of the setup and analyse the effects on the
reconstructions. Figure 11 shows the reconstructions obtained
when considering the 3.5–12 GHz band with a step of 5∆ f .
These reconstructions have to be compared with the recon-
structions presented in Fig. 8 (the whole frequency band),
Fig. 10 (3.5–12 GHz band with a step of ∆ f ), and Fig. A.3
(3.5–16 GHz band with a step of 5∆ f ). Visually, these results
seem to be of better quality than the reconstructions in Figs. 8
and A.3 given the reduction in perturbations around and in
the centre of the object, and are similar to those presented
in Fig. 10.

Let us compare the quantitative quality measures for these
reconstructions, which are presented in the sixth row of Tables 2
and 3 and compare them with those in the second (the whole
frequency band), third (3.5–12 GHz band with a step of ∆ f ),
and fifth rows (3.5–16 GHz band with a step of 5∆ f ) of the
same tables. RMSEall, Cext, and RMSEext are not significantly
different from those shown in the second row. However, Call and
Cint suggest that the reconstruction is superior when using the
3.5–12 GHz range with a 5∆ f step, which is also the case for RO
and RMSEvoid. The values of these quantitative quality measures
are very close to those shown in the third row. The same obser-
vation can be made when comparing these quantitative quality
measures with those shown in the fifth row. From these obser-
vations, we can conclude that the reconstructions obtained using
the 3.5–12 GHz range with a step of 5∆ f offer a superior recon-
struction quality compared to those obtained with the whole
frequency band. This was expected given that the high frequen-
cies were removed (see Sect. 6.3). Furthermore, the increase in
the frequency step does not seem to influence the reconstruction
quality. In the subsequent experiment, we therefore consider the
3.5–12 GHz range with a step of 5∆ f .
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Fig. 12. Slices of the amplitude of the reconstructed induced currents using the PI method for both analogues considering the 3.5–12 GHz band
and a step of 5∆ f for 1257 quasi-monostatic positions. The line plot corresponds to the theoretical analogue. The figures on the left correspond to
the plane Π1, those in the middle to the plane Π2, and those on the right to the plane Π3 of Fig. 7.

6.6. Reduction in the number of quasi-monostatic pairs

As explained in Sect. 5.2, a reduction in the frequency band
allows one to reduce the number of transmitter–receivers pairs.
The 3.5–12 GHz band with a step of 5∆ f corresponds to a spatial
distribution of 1257 quasi-monostatic positions. The reconstruc-
tions using such parameters are shown in Fig. 12 and should be
compared with those presented in Fig. 11 with all the quasi-
monostatic positions. Examining these two figures, we do not
observe major differences between the reconstructions.

The quantitative quality measures are therefore calculated
and presented in the seventh row of Tables 2 and 3 and are to
be compared with the measures on the sixth row of the tables.
The results are again in good agreement, without significant
differences. The similarity of the quantitative quality measures
for the different reconstructions illustrates that it is not neces-
sary to keep all transmitter–receiver pairs if the frequency band
is reduced. In addition, the RO quantitative quality measure is
slightly better in the case of the 1257 quasi-monostatic positions.
We note that the number of nv voxels taken into account for the
RO calculation is small (nv = 189) and is consequently influ-
enced by even the slightest changes of very few voxels. With
only 1257 quasi-monostatic position measurements and 35 fre-
quencies, the quality of the reconstructions is not degraded. The
difference between the reconstructions shown in Figs. 11 and 12
is presented in Fig. A.6 and confirms our above conclusions, as
the maximum difference of intensity is very low (0.14) and no
structure is distinguishable.

6.7. Influence of spatial configuration selection

As explained in Sect. 5.3, there are distinguishable effects of
a larger angular step on the reconstructions. The reconstruc-
tions obtained using the sparse configuration of 363 points in

Fig. A.4 are not accurate and neither the external shape nor the
void are reconstructed. The quantitative quality measures are
presented in the last row of Tables 2 and 3 and are to be com-
pared with those obtained on the seventh rows of the tables.
All quantitative quality measures except RMSEall and RMSEext

are inferior to those obtained with the 1257 quasi-monostatic
positions. The improvement of the RMSEall and RMSEext, as
explained in Sect. 6.2, is due to the fact that the signature of
the external surface of the analogue is weakly reconstructed in
the case of 363 points. Therefore, it does not accurately reflect
the quality of the reconstruction, which is deteriorated. Here, we
have under-sampled the angular step, which naturally leads to a
degradation of the reconstructions since the Nyquist criterion is
no longer respected.

7. Conclusions
Knowing the structure of SSSBs is of great importance for
research concerning the history of the Solar System, and knowl-
edge of their internal structure is key to understanding their
formation and evolution. In this work, we focus on inverse meth-
ods for imaging two asteroids analogues, one of them containing
a mantle and a deep interior void and the other being homoge-
neous. These inversion experiments were performed using mul-
tiple measurements using quasi-monostatic experimental data
sets. This study, which proposes the processing of experimental
data in the frequency domain, is a joint effort with another study
that proposes processing in the time domain (Sorsa et al. 2023).
The methods employed, that is, back-propagation and pseudo-
inverse reconstructions, are simple, fast, and provide 3D maps of
the induced current amplitude without the need for a reference
field. Multiple quantitative quality measures were implemented
and used to quantify the similarity between the reconstructed and
the actual structure of the analogues.
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The results show that the outer boundary of both aster-
oid analogues are clearly observed on the reconstructed maps.
Moreover, the internal structure of these analogues can be recon-
structed, that is, the inner core existing in the DM analogue is
visible on the 3D maps. In addition, no significant differences
are noticed between BP and PI methods.

In order to limit the number of required measurements,
which is crucial in the case of a space mission, we carried out
a study of the dependencies of both methods on the frequency
band and on the number of transmitter–receiver pairs. We show
that by using well-chosen parameters, it is possible to obtain
equivalent reconstructions of the analogues while considerably
reducing the necessary measurements and the computational
cost. With only 1257 quasi-monostatic positions and 35 frequen-
cies, the reconstructions are similar to those with 2372 positions
and all the 250 frequencies from 3.5 to 16 GHz with a fre-
quency step of 0.05 GHz. This amounts to taking only 53% of
the initial set of measurements in positions and 14% of the fre-
quencies. This new data set (1257 quasi-monostatic positions and
35 frequencies) allows a significant reduction in measurement
time and an approximately 90% reduction in data processing
time. Another potentially interesting result for space missions
is that we are able to obtain relatively good reconstructions of
the interior while maintaining a low level of uncertainty on
the antenna–object distance. Moreover, we suggest that a sig-
nificant reduction in the number of quasi-monostatic positions
(less than 30% of the minimum number of measurements with
respect to the Nyquist criterion) does not lead to satisfactory
reconstructions without complementary data. This means that,
to reconstruct the interiors of objects with this reduced set of
measurements, it is important to take into account the available
a priori information coming from other instruments on board
the spacecraft, such as the asteroid shape or the mean effective
permittivity of the asteroid.

The methods presented here have proven their ability to
provide structural images and may be used to reconstruct the
internal structure of SSSBs. In future work, we will focus
on non-linear quantitative imaging, exploiting multiple scatter-
ing, allowing us to additionally obtain a permittivity map of
such bodies.
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Appendix A: Imaging results complementary figures
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Fig. A.1: Slices of the amplitude of the reconstructed induced currents using the BP method for both analogues from measured scattered field
considering the 3.5-16 GHz band and a step of ∆ f for 2372 quasi-monostatic positions. The line plot corresponds to the theoretical analogue. The
figures on the left correspond to the plane Π1, those in the middle to the plane Π2, and those on the right to the plane Π3.
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Fig. A.2: Slices of the amplitude of the reconstructed induced currents using the PI method for both analogues considering the 12-16 GHz band
and a step of ∆ f for 2372 quasi-monostatic positions. The line plot corresponds to the theoretical analogue. The figures on the left correspond to
the plane Π1, those in the middle to the plane Π2, and those on the right to the plane Π3.
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Fig. A.3: Slices of the amplitude of the reconstructed induced currents using the PI method for both analogues with 51 frequencies considering
the 3.5-16 GHz band and a step of 5∆ f for 2372 quasi-monostatic positions. The line plot corresponds to the theoretical analogue. The figures on
the left correspond to the plane Π1, those in the middle to the plane Π2, and those on the right to the plane Π3.
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Fig. A.4: Slices of the amplitude of the reconstructed induced currents using the PI method for both analogues for the 363 configuration considering
the 3.5-12 GHz band and a step of 5∆ f . The line plot corresponds to the theoretical analogue. The figures on the left correspond to the plane Π1,
those in the middle to the plane Π2, and those on the right to the plane Π3. The poor quality of reconstructions is mainly due to the low number of
quasi-monostatic positions.
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Fig. A.5: Slices of the difference between the amplitude of the induced current for the reconstruction considering the 3.5-16 GHz band (second
row of Tables 2 and 3) and the reconstruction considering the 3.5-12 GHz band (third row of Tables 2 and 3) for both analogues and 2372 quasi-
monostatic positions for each cases. The line plot corresponds to the theoretical analogue. The figures correspond to the plane Π1. The frequency
band is the determining factor here.
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Fig. A.6: Slices of the difference between the amplitude of the induced current for the reconstruction considering the 3.5-12 GHz band with a step
of 5∆ f for 2372 quasi-monostatic positions (sixth row of Tables 2 and 3) and the reconstruction considering the 3.5-12 GHz band with a step of
5∆ f for 1257 quasi-monostatic positions (Seventh row of Tables 2 and 3) for both analogues. The line plot corresponds to the theoretical analogue.
The figures correspond to the plane Π1. The number of quasi-monostatic positions is the determining factor here.
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