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Abstract

Imaging the interior structure of comets and asteroids can provide insight into their formation in the early Solar System, and can aid
in their exploration and hazard mitigation. Accurate imaging can be accomplished using broadband wavefield data penetrating deep
inside the object under investigation. This can be done in principle using seismic systems (which is difficult since it requires contact with
the studied object), or using radar systems (which is easier since it can be conducted from orbit). We advocate the use of radar systems
based on instruments similar to the ones currently deployed in space, e.g. the CONSERT experiment of the Rosetta mission, but perform
imaging using data reflected from internal interfaces, instead of data transmitted through the imaging object. Our core methodology is
wavefield extrapolation using time-domain finite differences, a technique often referred to as reverse-time migration and proven to be
effective in high-quality imaging of complex geologic structures. The novelty of our approach consists in the use of dual orbiters around
the studied object, instead of an orbiter and a lander. Dual orbiter systems can provide multi-offset data that illuminate the target object
from many different illumination angles. Multi-offset data improve image quality (a) by avoiding illumination shadows, (b) by attenu-
ating coherent noise (image artifacts) caused by wavefield multi-pathing, and (c) by providing information necessary to infer the model
parameters needed to simulate wavefields inside the imaging target. The images obtained using multi-offset are robust with respect to
instrument noise comparable in strength with the reflected signal. Dual-orbiter acquisition leads to improved image quality which is
directly dependent on the aperture between the transmitter and receiver antennas. We illustrate the proposed methodology using a com-
plex model based on a scaled version of asteroid 433 Eros.
� 2014 COSPAR. Published by Elsevier Ltd. All rights reserved.

Keywords: Wavefield imaging; Radar; Orbiters; Near-earth objects; Asteroids; Comets
1. Introduction

Asteroids and comets hold numerous clues for under-
standing the early evolution of the Solar System (Bottke
et al., 2002; Festou et al., 2004). Asteroid and comet inte-
riors are of great interest because they can provide
information about the dynamical history of the object,
related for example to accretion and differentiation,
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disruption and reassembly, metamorphism, etc. Near-
Earth Objects (NEOs) are particularly interesting targets
of investigation, not only because they pose hazards to
Earth (Chapman, 2004), and also because they are accessi-
ble to human exploration, e.g. the Asteroid Retrieval
Mission Brophy et al., 2012.

Different methods could be employed to study such
small bodies, for example gravity and gradiometry
(Hilton, 2002), magnetometry, and electromagnetic (EM)
induction (Grimm, 2009). However, all such methods suffer
from relatively low spatial resolution, a limitation that can
f asteroid and comet interiors I: Acquisition and imaging theory. Adv.
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be addressed using wavefield techniques based on seismic
or electromagnetic wave propagation, e.g. Ground Pene-
trating Radar (GPR). Asteroids and comets are regarded
as objects with complex interior structure, which can be
best revealed with methods exploiting accurate wave prop-
agation. Wavefield techniques, for example, are successful
at imaging complex imaging targets, as demonstrated
numerous times in Earth applications, e.g. in exploration
or global seismology, or for georadar near-surface investi-
gation. Although highly effective, seismic methods are lim-
ited in the investigation of small NEOs due to their need
for sensors (both sources and receivers) deployed directly
on the studied object (Huebner and Greenberg, 2001;
Walker et al., 2006; Roark et al., 2010). In contrast, geora-
dar methods can operate using remote sensors that beam
electromagnetic signals through empty space. Therefore,
radar techniques appear to be a much simpler and more
effective approach to the study of asteroids and comets,
which is why we advocate this approach in our paper.

Space-based radio imaging has been proposed in the
past (Safaeinili et al., 2002; Asphaug et al., 2004;
Kofman and Safaeinili, 2004; Barucci et al., 2005;
Asphaug et al., 2010), and the Rosetta Comet Nucleus
Sounding Experiment by Radiowave Transmission (CON-
SERT) (Kofman et al., 2007) is an experiment designed to
image the internal structure of comet 67P/Churyumov–
Gerasimenko using radar signals emitted from an orbiter.
We can distinguish two types of radar experiments based
on transmission (electromagnetic waves propagate through
the object and are recorded after crossing all internal inter-
faces), or on reflection (waves propagate inside the object
and return toward the source after bouncing off the internal
interfaces). This conceptual separation mimics conven-
tional approaches used in Earth-based exploration seismol-
ogy, i.e. cross-well tomography (based on transmission)
and surface imaging (based on reflection) (Sherriff and
Geldart, 2010). CONSERT is designed as a transmission
tomography experiment based on sources activated at mul-
tiple positions from a moving orbiter and a single receiver
on a lander anchored on the surface of the comet (Kofman
et al., 2007). This experiment assumes that the dielectric
properties of the comet allow electromagnetic waves to
propagate all the way through (approximately 4 km)
(Kofman and Safaeinili, 2004), which should allow tomog-
raphy to characterize its internal structure. However, since
this experiment is based on a single receiver, its angular
coverage is likely to be limited, thus leading to relatively
low resolution particularly in the main propagation direc-
tion. Resolution might be improved by using multiple
internal scattering (Barriot et al., 1999; Benna et al.,
2004), although this assumes that the signal remains strong
enough after much longer propagation inside the comet
and after undergoing reflection several times at consider-
able loss of energy.

We explore in this paper an alternative approach based
on reflection imaging, instead of transmission imaging, and
with multiple asynchronous orbiters, instead of one orbiter
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and a fixed lander. Reflection and transmission imaging are
complementary to one-another, as they concentrate on dif-
ferent characteristics of the studied object. Transmission
imaging can provide quick access to information about
the propagation speed, for example by employing travel-
time tomography for the propagation speed of electromag-
netic waves (Kofman et al., 2007). However, this method-
ology has limited resolution with respect to interior
interfaces between regions characterized by large contrasts
of material properties. Reflection imaging, on the other
hand, can achieve higher resolution, in particular when
the transmission angular diversity is limited. Furthermore,
reflection angular diversity can be increased using multiple
(for example two) orbiters that revolve around the target
object on different trajectories, and thus at different angular
speeds. We demonstrate that reflection imaging with multi-
ple orbiters is superior to imaging with a single orbiter due
to the broader illumination resulting from combinations of
transmitters and receivers at different positions relative to
one-another. Moreover, multi-offset imaging has the ability
to attenuate coherent noise common for single-offset imag-
ing in complex media causing wavefield multi-pathing.

In the following, we proceed by summarizing wavefield
reflection imaging for single or dual orbiters and then illus-
trate our method with a binary stochastic model of an
asteroid interior. We focus primarily on describing radar
acquisition in different configurations and on wavefield
imaging techniques that can take advantage of broadband
data to delineate accurately interior interfaces. Our meth-
odology expands on earlier studies Benna et al., 2002;
Carley and Heggy, 2008 investigating the applicability of
radar wave propagation through complex comet nuclei
using time-domain finite-difference wave propagation
(FDTD). A companion paper, Grimm et al., 2014,
addresses issues related to acquisition and target parame-
ters and gives quantitative measures of image reconstruc-
tion accuracy; this paper also discusses some assumptions
related to model parameters characterizing electromagnetic
wave propagation speed and attenuation.

2. Imaging

Accurate imaging in inhomogeneous bodies requires
reconstruction of wavefields inside the object under investi-
gation from data recorded outside the object. Such wave-
field-based imaging techniques have been developed
primarily in the context of seismic exploration (Berkhout,
1982; Cl�rbout, 1985), but can be applied with minor mod-
ifications to the problem of imaging with electromagnetic
waves, as well (Reynolds, 2011; Miller et al., 2010). We
are considering, in particular, waves that can be generated
from space-based radar systems similar to existing instru-
ments, e.g. the Mars Advanced Radar for Subsurface and
Ionosphere Sounding (MARSIS, 1� 5 MHz) (Picardi
et al., 2004) or the Mars Shallow Subsurface Radar (SHA-
RAD, 20 MHz) (Seu et al., 2007). For all numeric examples
discussed in this paper, we use a Ricker wavelet (Ricker,
f asteroid and comet interiors I: Acquisition and imaging theory. Adv.
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1944; Ricker, 1953) with a center frequency of 10 MHz,
which fits in the range of the mentioned instruments. We
assume that such radar systems can transmit and record
broadband waveforms, thus allowing us to use wavefield
imaging methodology.

As indicated earlier, we can generally consider two clas-
ses of experiments: reflection experiments constructed with
transmitters and receivers on the same side of the object
under investigation, and transmission experiments with
transmitters and receivers on opposite sides. We concen-
trate here on reflection experiments. In this case, wavefield
imaging methods consist of two main steps: wavefield
reconstruction, i.e. a process which has the goal of building
wavefields inside the object under investigation, and an
imaging condition, i.e. a process which extracts informa-
tion about the discontinuities inside the object from the
reconstructed wavefields (Berkhout, 1982; Cl�rbout,
1985).

Wavefield reconstruction from recorded data requires
knowledge of the relations governing wave propagation
in the studied object, i.e. a wave-equation. In this paper,
our focus is on the imaging aspects (i.e. acquisition style,
data density, imaging procedure, etc.), therefore we
assumed simplifications of the physics controlling in wave
propagation. We assume, for example, that we can use a
scalar wave equation (Aki and Richards, 2002)

L vð Þ W½ � ¼ 1

v2

@2W
@t2
�r2W ¼ f ðx; tÞ ð1Þ

to describe the propagation and scattering occurring in an
asteroid or a comet. The acoustic assumption allows for
faster computing relative to a more accurate vector wave
equation, although it ignores second order physical effects,
for example attenuation in the medium or polarization
changes during propagation. In Eq. 1, L is a wave operator
which depends on the wave speed in the medium vðxÞ, and
W ðx; tÞ represents the wavefield which is a four-dimen-
sional function of space x ¼ fx; y; zg and time t. In this
framework, the velocity v depends primarily on the dielec-
tric properties of the medium, and the wavefield W stands
for one component of the electrical field, for example. The
source function f ðx; tÞ also depends on position in space
and time, although it is normally restricted to the position
of the transmitters or receivers. Further generalizations of
this equations are possible, for example scalar wave equa-
tions that account for the dielectric medium parameters,
permeability lðxÞ and permittivity �ðxÞ, as well as attenua-
tion, controlled by the medium conductivity rðxÞ:

L l; �; rð Þ W½ � ¼ l�
@2W
@t2
þ lr

@W
@t
�r2W ¼ f ðx; tÞ: ð2Þ

This equation implies that the attenuation is spatially
variable, but does not change as a function of frequency.
To first order, this is a reasonable assumption to model
medium attenuation in typical asteroid rocks. However,
since our focus in this paper is on acquisition and imaging,
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we do not discuss in greater details the impact of attenua-
tion on the reconstructed images. The impact of attenua-
tion in radar imaging is discussed by Grimm et al. (2014).
In the following examples, we employ wave operator
shown in Eq. 1.

From the data redundancy perspective, we can distin-
guish two main types of experiments: one in which sources
and receivers are coincident, known as zero-offset experi-

ments, and another in which sources and receivers are sep-
arated in space, known as multi-offset experiments. The
imaging procedures used for both experiments share the
need to reconstruct wavefields in the entire space under
investigation and at all times, but differ in the way in which
these wavefields are used to construct an image of the
material discontinuities. In the following subsections, we
provide a brief overview of wavefield imaging for each
setup. Aside from the previously defined wavefield

W ðx; tÞ, the other two main objects relevant for this discus-
sion are the data Dðr; tÞ, representing the wavefield at all
times restricted in space to the receiver coordinates (r)
and the image RðxÞ of the interior of the object, represent-
ing the distribution of reflectors as a function of space (x).
2.1. Zero-offset experiments

Imaging with zero-offset experiments is based on the
exploding reflector model (Cl�rbout, 1985). A key assump-
tion for this setup is that waves propagate along identical
paths from a source to the reflectors and back to a receiver
co-located with the source. Under this assumption, the
propagation times along the two paths are identical, there-
fore, we can recast a zero-offset experiment as one in which
the reflectors themselves act as sources triggered at time
t ¼ 0, but in which waves propagate at half the speed,
Fig. 1.

The image is, thus, just the wavefield at time zero, so
imaging simply reduces to the problem of reconstructing
the wavefield at every location in space from the recorded
data using time-reversal,

L vð Þ W ðx; tÞ½ � ¼ D s;�tð Þ; ð3Þ

followed by an imaging condition which extracts the image
as the wavefield at zero time:

RðxÞ ¼ W x; t ¼ 0ð Þ: ð4Þ

In this expression, the imaging velocity vðxÞ is equal to half
of the medium velocity. The wave operator L is the same as
the one defined in Eq. 1, and the “–” sign on the source side
indicates propagation backward in time.

The assumption that propagation from the sources to
the reflectors and back to the receivers occurs on identical
paths highlights an important limitation of imaging using
zero-offset data. Implied in the stated assumption is that
models are spatially invariant such that multi-pathing does
not occur. (Multi-pathing means that waves propagate
between two individual points in the medium along several
f asteroid and comet interiors I: Acquisition and imaging theory. Adv.
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Fig. 1. A schematic representation of the exploding reflector model. (a) In the physical experiment, waves propagate from the source to the reflectors and
back to the receivers along the same path. (b) The zero offset experiment can be recast equivalently assuming that the reflectors act as sources of energy at
time zero (the reflectors “explode”), but waves propagate in a medium at half the speed of the original experiment. Figure adapted after Cl�rbout (1985).
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trajectories, usually as a result of strong velocity gradient.)
This assumption fails for asteroid models consisting of
solid blocks of rock, surrounded by loose regolith material,
whose properties differ by as much as 100%.

In summary, although one of the fastest imaging meth-
ods, zero-offset imaging of data subject to multi-pathing
leads to artifacts with strength and geometry comparable
with that of real reflectors. This can lead to inaccurate
interpretation, especially for complex subsurface models.
Moreover, it is very difficult to estimate an accurate veloc-
ity model using just zero-offset images. Another class of
experiments using sources and receivers located at different
positions relative to one-another addresses these
drawbacks.
2.2. Multi-offset experiments

Multi-offset data are acquired using systems with sepa-
rated transmitters and receivers. Data can be acquired
using variable separation between the antennas, i.e. with
variable offset. Wavefield imaging with multi-offset experi-
ments is based on the assumption of single scattering at dis-
continuities in the subsurface (Berkhout, 1982; Cl�rbout,
1985). Under this assumption, waves propagate from the
sources, interact with discontinuities inside the object
under investigation and return to the receivers as reflected
waves. The sources and receivers are separated by variable
distance which ensures imaging along different propagation
paths, i.e. different illumination directions.

In this framework, we commonly speak about a source

wavefield, originating at the source and propagating in
the medium prior to any interaction with discontinuities,
and a receiver wavefield, originating at discontinuities and
propagating in the medium to the receivers (Berkhout,
1982; Cl�rbout, 1985). The two wavefields coincide kine-
matically at discontinuities, a property which is usually
measured by evaluating the zero-lag of the temporal
cross-correlation between the two wavefields. Any mis-
match between the wavefields indicates inaccurate wave-
field reconstruction typically assumed to be due to
inaccurate model parameters, the propagation velocity in
this case. We do not need to make additional assumptions
about how we reconstruct those two wavefields as long as
the wave-equation used for wavefield reconstruction accu-
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rately describes wave propagation in the medium under
consideration.

The source and receiver wavefields, W s and W r, are
reconstructed using the same wave-equation and medium
parameters, except that propagation is forward and back-
ward in time, respectively:

L vð Þ W sðx; tÞ½ � ¼ Ds s;þtð Þ ð5Þ
L vð Þ W rðx; tÞ½ � ¼ Dr r;�tð Þ ð6Þ

In this expression, the imaging velocity vðxÞ is equal to the
actual medium velocity and the + or � signs in the source
term indicates propagation forward or backward in time,
respectively. A conventional cross-correlation imaging con-
dition based on the reconstructed wavefields can be written
as (Cl�rbout, 1985):

ReðxÞ ¼
X

t

W sðx; tÞW rðx; tÞ: ð7Þ

When multiple (Ne) experiments are used for imaging, the
final image is simply the sum of all partial images corre-
sponding to individual experiments:

RðxÞ ¼
XNe

e¼1

ReðxÞ: ð8Þ

As is the case for zero-offset imaging in complex media
characterized by multi-pathing, multi-offset imaging for
individual experiments, i.e. the image Re for experiment e,
contains reflector information, as well as coherent artifacts
due to correlation between waves propagating along cross-
ing paths. However, the coherent artifacts seen in individ-
ual multi-offset images are inconsistent from one
experiment to another. Summation over experiments, Eq.
8, reinforces the signal and attenuates the coherent noise,
thus leading to cleaner and easier to interpret images than
those obtained using zero-offset imaging. However, the cost
of multi-offset acquisition and processing is significantly
larger than the cost of processing zero-offset data. Never-
theless, the much higher image quality usually justifies
the cost increase, as we show later in this paper.

We also note that the imaging condition shown in Eq. 7
is just one of many possibilities. We could, in principle,
consider other imaging conditions that give us access to
information about image accuracy, and implicitly about
the accuracy of the velocity model. For example, a more
f asteroid and comet interiors I: Acquisition and imaging theory. Adv.
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Fig. 2. Different experimental setups illuminate differently the subsurface: zero-offset – illumination at normal reflection angle, and multi-offset –
illumination at many different reflection angles.

Fig. 3. Synthetic model illustrating artifacts caused by multi-pathing in
zero-offset imaging. (a) Velocity with a low-velocity anomaly and a
horizontal reflector, (b) zero- offset data and (c) zero-offset image.
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general imaging condition, also known as an extended
imaging condition (Sava and Fomel, 2003; Sava and
Vasconcelos, 2011), correlates the reconstructed source
and receiver wavefields W s and W r:

Reðx; k; sÞ ¼
X

t

W sðx� k; t � sÞW rðxþ k; t þ sÞ; ð9Þ

followed by summation over experiments

Rðx; k; sÞ ¼
XNe

e¼1

Reðx; k; sÞ: ð10Þ

Here, k ¼ fkx; ky ; kzg and s are space- and time-shifts,
respectively, that create systematic separation between the
source and receiver wavefields, thus emphasizing the direc-
tionality and correlations between incident and reflected
waves, (Sava and Fomel, 2003). This imaging condition
allows us to evaluate the similarity between the images
formed for different illumination directions, thus providing
information that can be used to correct the model used for
wavefield reconstruction (Sava and Biondi, 2004; Sava and
Biondi, 2004).

2.3. Experimental setup comparison

The two classes of algorithms discussed in the preceding
sections differ in several important aspects.

1. An important distinction between the algorithms used
for zero-offset and multi-offset experiments arises from
the illumination diversity characterizing acquisition with
separated transmitters and receivers. By construction,
the multi-offset experiments generate information at a
given image position from many different directions of
illumination. This reduces the possibility that a given
reflector is placed in a shadow zone caused by structures
that deflect waves propagating from the source or
toward the receivers. In contrast, zero-offset experiments
illuminate a given point in the subsurface along a single
path that, in theory, corresponds to the normal inci-
dence at the reflector, Fig. 2. The increased illumination
diversity enables multi-offset experiments to produce
higher quality images than those obtained with zero-
offset experiments.
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2. A second consideration, is that multi-offset data allows
attenuation of artifacts caused by multi-pathing. As
indicated earlier, zero-offset imaging assumes that
f asteroid and comet interiors I: Acquisition and imaging theory. Adv.
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Fig. 4. Synthetic model illustrating multi-pathing artifact cancellation in multi-offset imaging. (a)-(b) Data for transmitters at different locations on the
surface; (c)-(d) individual multi-offset images for the data shown in (a)-(b), respectively and (e) multi-offset image stack obtained by summing many
individual images like the ones shown in (c)-(d).

Fig. 5. Model based on the shape of asteroid 433 Eros. The asteroid interior consists of rock fragments surrounded by loose regolith material, Fig. 6. The
gray shading indicates radial distance from a conventional center point inside the asteroid.
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Fig. 6. Velocity model representing two different materials: rock (black) and regolith (gray), surrounded by empty space (white). The wave speeds in the
three regions are 0.11 m/ns, 0.22 m/ns and 0.30 m/ns, respectively.

Fig. 7. Successive snapshots as a function of time for a wavefield simulated using finite-differences in the heterogeneous asteroid model. Panels (a)-(d)
depict the model overlain by the wavefield at different times. The panels correspond to a single source located far from the asteroid, therefore the
electromagnetic wave impinging on the asteroid is nearly planar, as seen best in panel (b).
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Fig. 8. Zero-offset data as a function of angle along a circular array
around the asteroid. A fixed time delay corresponding to the propagation
from the orbiter to a circular array around the asteroid and back to the
orbiter is removed from the figure, for better visualization of the data.
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propagation from the sources to receivers occurs on
identical paths, which is not the case for models with sig-
nificant velocity variation. In contrast, multi-offset
imaging can attenuate such coherent artifacts because
they are inconsistent from one experiment to another.
Stacking over experiment attenuates the artifacts and
reinforces the real reflectors. Figs. 3(a)-(c) and 4(a)-(e)
illustrate this idea. For a simple reflector in a model with
a low velocity anomaly (Fig. 3(a)), we can simulate the
zero-offset data (Fig. 3(b)), from which we can construct
the zero-offset image (Fig. 3(c)). In addition to the hor-
Fig. 9. Image obtained by wavefield-based migration using the zero-offset da
shown in Fig. 6.
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izontal reflector (i.e. the signal), we can also see artifacts
(i.e. the coherent noise) caused by wavefield multi-
pathing. However, from multi-offset data for different
transmitter positions (Fig. 4(a)-(b)), we can construct
many multi-offset images (Fig. 4(c)-(d)), from which
we obtain the stacked image (Fig. 4(e)). Since the arti-
facts (i.e. the coherent noise) are inconsistent from
image to image, the stack attenuates the noise and rein-
forces the horizontal reflector (i.e. the signal). The multi-
offset image has reduced coherent noise, unlike the zero-
offset image. Such artifacts are numerous in a model
characterized by many localized velocity anomalies
which are responsible for wavefield multipathing.

3. A third consideration is that multi-offset experiments
allow us to evaluate and improve the quality of the
model used for imaging. The geologic structure inside
the imaged object is invariant to the illumination direc-
tion, thus all experiments should locate a reflector at the
same position. If this does not happen, we can conclude
that the model is inaccurate, according to the so-called
“semblance principle” (Yilmaz, 2001). Such analysis
can be exploited for velocity model building using vari-
ous techniques common in seismic exploration, e.g.
through the use of the extended images discussed in
Eq. 10.

We note that both zero-offset and multi-offset imaging lead
to attenuation of incoherent (random) noise present in the
data. We could, in principle, repeat a zero-offset survey Ne

times and stack all images, thus achieving a signal-to-noise
ratio improvement proportional to

ffiffiffiffiffiffi
N e
p

, which is similar to
what we can obtain in multi-offset imaging by summation
over the images obtained by separate experiments. How-
ever, this SNR improvement refers strictly to random

noise and does not have any impact on the coherent noise
discussed earlier.

We thus conclude that multi-offset imaging has signifi-
cant advantages over single-offset imaging, albeit at a
higher acquisition and processing cost. In the following
ta shown in Fig. 8 and the correct velocity of the interior of the asteroid
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Fig. 10. Illustration of asynchronous radar acquisition using two orbiters. The left panels depict the positions of the transmitter and receiver orbiters
relative to the asteroid, and the right panels in each frame show the positions occupied by the orbiters as a function of time.
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section, we demonstrate the advantages of using multi-
offset geometry for imaging inside a space object, asteroid
or comet, with dual-orbiter radar systems.
3. Acquisition

Orbiter systems can be equipped with radar systems
operating at multiple frequencies and revolving repeatedly
around the target object. We assume that such orbiters
carry radar antennas acting as transmitters and receivers
of electromagnetic energy and show how such orbiters
could be coordinated to generate multi-offset data. In the
imaging section, we argue that such systems can deliver
much higher imaging quality at a modest increase in acqui-
sition and processing cost. In this section we outline how
multiple orbiters can generate multi-offset data, although
we do not discuss in great detail instrumentation or
Please cite this article in press as: Sava, P., et al. Radio reflection imaging o
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navigation parameters. Our focus is mainly on the imaging
aspects and the improved image quality due to the higher
data volume obtained using the dual orbiter setup. More
details and a quantitative analysis of imaging results are
provided by Grimm et al. (2014).

We begin with a demonstration of imaging using con-
ventional acquisition with a single orbiter, and then pro-
ceed to the alternative acquisition geometry based on two
orbiters.
3.1. Single orbiter

A conventional space-based radar acquisition system
uses a single antenna which plays both the roles of trans-
mitter and receiver of electromagnetic energy. Such instru-
ments revolve repeatedly around the target object, and the
transmitters are co-located with the receivers. This type of
f asteroid and comet interiors I: Acquisition and imaging theory. Adv.
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Fig. 11. Illustration of asynchronous radar acquisition using two orbiters. The left panels depict the positions of the transmitter and receiver orbiters
relative to the asteroid, and the right panels in each frame show the positions occupied by the orbiters as a function of time.
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acquisition is akin of the zero-offset acquisition in terres-
trial seismic exploration or of common ground-penetrating
radar (GPR) systems.

Electromagnetic waves emitted by the source propagate
without attenuation in the empty space between the orbiter
and the target (asteroid, comet, etc) and back. Such waves
also penetrate inside the object where they are attenuated
and propagate for a distance which depends on its dielec-
tric properties and then reflect at locations where the phys-
ical properties change abruptly. Thus, reflected
electromagnetic energy can be used to map the discontinu-
ities in the subsurface using zero-offset imaging techniques.
Such images suffer from the drawbacks discussed earlier,
i.e. poor illumination and multi-pathing artifacts.

We illustrate this method with a model based on the
shape of asteroid 433 Eros (Gaskell, 2008), but scaled
down in order to represent a typical NEA, Fig. 5. Our
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model consists of a combination of a rock fragments sur-
rounded by loose regolith material (Richardson et al.,
2002; Weissman et al., 2004). The interior structure is arbi-
trary and it is used here only for imaging assessment. In the
following numeric experiments, we simulate waves for a
two-dimensional slice through this model, Fig. 6. Similar
experiments could be performed in three dimensions; we
do not discuss these more computationally intensive exper-
iments here, but we note that the methodology discussed
here can be extended without theoretical restrictions.

We consider an orbiter around this object at a distance
of 2:5 km from the asteroid’s center. The numeric experi-
ments consist of the following steps:

1. Use analytic Green’s functions to relocate the source
function (Ricker wavelet) from the transmitter antenna,
to a fictitious surface in close proximity of the asteroid
f asteroid and comet interiors I: Acquisition and imaging theory. Adv.
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Fig. 12. Acquisition geometry for a transmitter at (a) 45�, (b) 135�, (c) 180� and (d) 270�. The blue arc indicates schematically the effective aperture, and
the red lines point toward the transmitter antenna. The actual transmitter and receiver orbiters are assumed to be at 2.5 km from the center of the asteroid.
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(i.e. a circular contour at 0:55 km from the center of the
asteroid). This is a fast operation and we perform it in
order to reduce the compute time of the following steps.

2. Use time-domain finite-difference modeling starting with
the source relocated at the fictitious circular surface to
simulate waves propagating inside the asteroid and
reflecting back outside the model; then collect data on
the same fictitious circular surface.

3. Use analytic Green’s functions to relocate the observed
wavefield from the fictitious circular surface to the recei-
ver antenna which is co-located with the transmitter
antenna.

This procedure ensures that we use the fastest propagation
method in the void space separating the true orbiter trajec-
tory and the fictitious surface in the vicinity of the asteroid,
and that we use an accurate method to simulate waves
propagating inside the asteroid.

Figs. 7(a)-(d) show different snapshots of the wavefield
superimposed on the asteroid model. The highly scattering
Please cite this article in press as: Sava, P., et al. Radio reflection imaging o
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materials lead to complex wavefields characterized by
multi-pathing and repeated scattering inside the asteroid.
Accurate imaging inside the asteroid requires that we
exploit fully such broadband and wide aperture wavefields,
e.g. we use techniques like reverse-time migration (RTM).

The recorded data as a function of time and angle for
sources located every 0:5� all around the asteroid is shown
in Fig. 8. We can clearly notice the complexity of the reflec-
tions due to the heterogeneous model causing wavefield
multi-pathing. Using zero-offset finite difference imaging
as outlined earlier, we obtain the image shown in Fig. 9.
This image gives a rough indication of the interfaces
located inside the model, but does not produce a clear
image of all discontinuities. This blurring is caused by the
fact that much of the scattering associated with the hetero-
geneous interior of the asteroid is ignored simply because
we collect data only at the receiver co-located with the
transmitter. Additional repeat zero-offset datasets can
reduce the random noise present in the data (e.g. instru-
ment noise), but cannot attenuate the artifacts caused
f asteroid and comet interiors I: Acquisition and imaging theory. Adv.
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Fig. 13. Recorded data for the transmitter and receiver configuration shown in Fig. 12(a)-(d). The origin of the time axis is set to remove the delay
corresponding to propagation from the transmitter to a fictitious surface in close proximity of the asteroid (i.e. a circular contour at 0.55 km from the
center of the asteroid).
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multi-pathing. An example of such artifacts can be seen in
Fig. 9 at coordinate x ¼ 350 m and z ¼ �75 m; some reflec-
tors in this region do not correspond to true geologic
interfaces.

3.2. Dual orbiter

Improved imaging can be performed using a different
acquisition setup involving data observed at multiple
receivers for a pulse emitted from a single transmitter. In
conventional ground-based seismic exploration, this is
done by laying on the ground massive receiver arrays
characterized by long transmitter–receiver separation at
Please cite this article in press as: Sava, P., et al. Radio reflection imaging o
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all azimuths. This is, of course, not possible for systems
in orbit around a small object like an asteroid.

Our proposed solution is the following: instead of co-
locating the transmitter and receiver antennas on the same
orbiter, we advocate the use of separate orbiters for the two
antennas. In this setup, each orbiter is placed on a different
trajectory around the asteroid, thus insuring different orbi-
tal revolution speeds. The relative speed between the trans-
mitter and receiver orbiters can be adjusted easily by
changing the orbiter elevation relative to the asteroid.

The net effect is that the angular separation between the
transmitter and receiver orbiters changes permanently, thus
providing data with a variable separation (offset) as a
f asteroid and comet interiors I: Acquisition and imaging theory. Adv.
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Fig. 14. Partial images constructed using the data shown in Fig. 13(a)-(d).

Fig. 15. Multi-offset image obtained by stacking all partial images like the ones shown in Fig. 14(a)-(d). The inside of the asteroid is more weakly imaged
due to the limited acquisition time, which effectively truncates data that arrives from deeper in the asteroid.
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function of time. After many orbits, the transmitter orbiter
returns repeatedly to a given position; each time, however,
the receiver orbiter is at a different position with respect to
the transmitter orbiter. The data corresponding to different
transmitter–receiver separations can be sorted to construct
the equivalent of “shot gathers” from conventional seismic
exploration, i.e. data corresponding to a fixed transmitter
position, but with receivers located at different distances
(offsets) from the source. Time redundancy, therefore,
allows us to collect multi-offset data using only two
separate orbiters around the asteroid. The longer the
orbiters collect data the more illumination angles and the
better the resulting image; more orbiters speed-up acquisi-
tion time.
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We illustrate this method with the same model shown in
Fig. 5. Figs. 10(a)-11(b) show how we can gradually build
redundant data with aperture from �60� using two asyn-
chronous orbiters. We consider transmitter and receiver
orbiters making full revolutions in slightly different peri-
ods. Each frame depicts on the left the position of the
two orbiters at various times, and on the right the angular
coverage as a function of transmitter and receiver angles
accumulated over time. Due to its quicker revolutions,
the receiver orbiter gradually catches up with the transmit-
ter orbiter and then takes over. In this example, the receiver
orbiter starts 60� behind the transmitter orbiter, and ends
60� ahead. Figs. 13(a)-(d) show the data obtained after
sorting the observed wavefields for fixed transmitter posi-
f asteroid and comet interiors I: Acquisition and imaging theory. Adv.
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Fig. 16. Image quality dependence as a function of effective aperture: data for one multi-offset experiment with (a) ±20� and (b) ±2� aperture; migrated
images for all multi-offset experiments with (c) ±20� and (d) ±2� aperture. As aperture decreases, the image becomes noisier and the interior reflectors
become less focused and gets contaminated by artifacts. The truncation artifacts present in these images can obstruct the similar information present in the
full-aperture image, Fig. 15.
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tions (at angles of 45�; 135�; 180� and 270� relative to an
arbitrary point on the orbit).

Similarly to the zero-offset data shown in Fig. 8, the
multi-offset data captures the complexity of the model.
However, this acquisition style gives us access to much
more detailed information about the scattered wavefield,
despite the fact we are still not using full receiver aperture
around the asteroid. Figs. 12(a)-(d) depict the effective
receiver aperture constructed around the asteroid for differ-
ent positions of the source. Figs. 14(a)-(d) depict partial
images obtained by multi-offset wavefield-based imaging
for the data shown in Figs. 13(a)-(d), respectively, and with
the correct velocity model shown in Fig. 6. Each multi-off-
set dataset images a different portion of the model, corre-
sponding to the position of the transmitter antenna. The
quality of each partial multi-offset image is comparable
with the quality of the zero-offset image, Fig. 9, aside from
the reduced aperture due to the finite number of revolu-
tions executed by the two orbiters. In this experiment, we
repeat multi-offset imaging with transmitters at every 3�
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Space Res. (2014), http://dx.doi.org/10.1016/j.asr.2014.10.021
and with receivers at every 1� between �60� relative to
the transmitter. Although we do not use any attenuation
in this example, the far side of the asteroid (opposite the
position of the transmitter) is not illuminated due both to
the limited aperture, and to the finite acquisition time.
However, the aperture and acquisition time parameters
can be controlled, thus opening the possibility to image
deep into the asteroid and from multiple angles.

Finally, the image shown in Fig. 15 depicts the sum of
all partial images, according to Eq. 8. Compared to the
zero-offset image, Fig. 9, the multi-offset image is of much
better quality; the interior interfaces are clearly defined and
correctly positioned in the model, and the coherent arti-
facts are attenuated, thus providing a better opportunity
to interpret the geologic structure of the asteroid interior.

4. Discussion

Several challenges posed by radar imaging in comets
and asteroids remain to be addressed in the future:
f asteroid and comet interiors I: Acquisition and imaging theory. Adv.
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Fig. 17. Image quality dependence as a function of random noise level: data for one multi-offset experiment with (a) �20 dB and (b) �10 dB random
noise; migrated images for all multi-offset experiments with (c) �20 dB and (d) �10 dB random noise. Panel (b) exaggerates any expected instrument noise,
but it is shown here as a worst-case scenario test. The images reveal similar information as seen in the noise-free image, Fig. 15.
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� How important is it to define a good quality velocity
model for imaging? How strongly does attenuation
influence the depth of penetration inside the asteroid,
as a function of lithology?
� How robust is our methodology to large and incoherent

instrument noise?
� How important is to simulate data with more accurate

physics, in particular to take polarization into account?
� What are the optimal navigation parameters to maxi-

mize 3D coverage and speed up acquisition of multi-
offset data?

We do not discuss these questions in detail here, aside from
the aperture and noise issues which fit in the scope of our
paper. The model accuracy and attenuation questions are
addressed by Grimm et al., 2014.

In our acquisition setup, the multi-offset experiment
aperture depends on the acquisition duration, i.e. the total
number of revolutions around the asteroid. Shorter acqui-
sition time reduces the effective aperture of the surveys,
which in turn degrades the image accuracy. Figs. 16(c)-
(d) illustrate this idea. The different panels correspond to
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apertures of �20� and �2�, respectively. The image
degrades for smaller aperture and becomes noisier,
approaching in the limit the zero-offset image quality,
Fig. 9. The artifacts contaminating the images produced
with smaller aperture cannot be attenuated by repeating
the same experiments, but only by adding other experi-
ments that provide coverage from additional directions,
i.e. offsets.

Different types of noise can corrupt reflected data
observed at the orbiter. As discussed earlier, correlated
noise can masquerade as real signal and lead to spurious
events in the image. This is similar to the case of seismic
or GPR surveys where multiple reflections or mode conver-
sions overlap with primary, pure mode reflections. Here we
assume that such correlated noise is negligible and does not
corrupt the observed data. However, we assume that the
instrument itself, i.e. the radar antenna, can introduce noise
into the data. Such noise is best modeled as a random sig-
nal with a normal distribution, and its main characteristic
is its strength relative to the observed signal. Figs. 17(a)-
(b) show multi-offset data for a single experiment
(i.e. a fixed location of the transmitter antenna) with
f asteroid and comet interiors I: Acquisition and imaging theory. Adv.
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signal-to-noise ratios of �20 dB and �10 dB, respectively.
We assume that all such gathers are corrupted by noise
with the same levels, and the same distributions. Although
the random noise is clearly visible in the data, the migrated
images, Fig. 17(c)-(d) indicate that such uncorrelated noise
does not leave a significant imprint on the images and that
the information about the major interfaces inside the aster-
oid is essentially identical with what we could obtain using
noise-free data, Fig. 15. We conclude that the methodology
discussed here is robust with respect to instrument noise
characterizing available instrumentation.

We also note that in this paper we concentrate primarily
on imaging using back-scattered energy, i.e. waves return-
ing to receivers located in the vicinity of the transmitters.
This setup is similar to the one used in surface seismic
exploration in which case both sources and receivers have
to be placed on the same side of the imaged volume, i.e.
on the surface. However, the dual orbiter setup offers the
possibility to collect data at receivers located on the oppo-
site side of the transmitter relative to the asteroid. In this
case, we can use the recorded data in transmission mode
to infer the physical properties of the asteroid, e.g. by
wavefield tomography. This setup is similar to the one used
in cross-well seismic tomography.

An important consideration in the quality of the
migrated image is the accuracy of the model used for wave-
field reconstruction, according to Eq. 1. Of all factors influ-
encing the imaging quality, the accuracy of the velocity
model turns out to make the largest impact, as discussed
in detail by Grimm et al. (2014). In general, the velocity
model inside the asteroid is not known a priori and has
to be determined in an iterative tomographic process akin
to the well-known waveform inversion. Wavefield tomog-
raphy can also be performed in transmission or reflection
mode, therefore the data necessary for model building is
identical to the data needed for wavefield imaging. How-
ever, wavefield tomography (Tarantola, 1984; Pratt and
Worthington, 1990; Plessix, 2006) requires images con-
structed with different multi-offset experiments (the “sem-
blance principle”), which further emphasizes the benefits
of acquisition with a dual-orbiter system.

Finally, radar resolution is commonly improved using a
synthetic aperture, and the techniques used in this paper
have some analogy with the delay-and-sum approach to
beamforming. It is worth noting here that classical Doppler
methods are ineffective for small bodies due to the very low
speeds involved. Spacecraft orbital velocities are just tens
of cm/s, which requires � 1000 s to synthesize apertures
of hundreds of meters. This vastly exceeds the � 1 s inte-
gration times of air- and space-borne SARs. Relative veloc-
ities due to target-body rotation are just as small, also
obviating useful Doppler bandwidth.

5. Conclusions

Imaging the interior of highly complex asteroid or
comet interiors is possible using orbital radar systems.
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Accurate imaging depends on our ability to use broadband
electromagnetic wavefield data with large angular aperture.
Such data can be acquired using pairs of spacecrafts orbit-
ing repeatedly and at different distances around the imaged
object. Data collected at different angular apertures can be
sorted to create virtual multi-offset experiments which can
be imaged using conventional wavefield-based methods. In
contrast with more conventional zero-offset acquisition sys-
tems, multi-offset systems provide coverage of the target
from many directions, thus improving image quality (better
illumination, fewer coherent image artifacts) and providing
appropriate data that can be used to infer model parame-
ters through wavefield tomography.
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