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The aim of this thesis is to develop a realistic deep interior model for a rubble-pile asteroid
and conduct full-wave computed radar tomography on the developed model. The surface
model of the asteroid Itokawa is used to develop a finite element mesh including a surface
layer of loose soil and regolith coupled with a Gaussian random field which models the
realistic interior of a small solar system body. Further structural details such as a void,
very loose material space, various cracks and a boulder are added to the realistic interior
to investigate the detection power of a bistatic computed radar tomography system.

The results show that a bistatic radar system detects deep interior voids, cracks and boul-
ders in a realistic asteroid. The simulation results and reconstructions show similar radar-
gram profiles as actual radar measurements. The shape and size of voids, loose material,
boulders and shallow cracks can be discerned. The deep crack is detectable, but lacks
detail. Based on the results of this work, radar tomography is a very promising technique
to explore the deep interior of small solar system bodies.
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Téamaén tyon tavoitteena oli kehittii realistinen malli lohkarekasa-asteroidin sisdrakenteis-
ta ja tutkia mallia tutkatomografiasimulaatioiden avulla. Asteroidi Itokawan pintaraken-
nekuvien peusteella rakennettiin elementtimenetelméverkko, joka sisilsi asteroidin pin-
takerroksen lisdksi realistisia asteroidin sisdrakenteita kuten tyhjidonkalo, hyvin huokoi-
nen materiaalirakenne, halkeamia ja tiiviitd lohkareita. Tarkoituksena oli tutkia bistaatti-
sen tutkatomografian kykyi havaita nditéd rakenteita realistisen kokoisessa ja rakenteisessa
kappaleessa.

Tulokset osoittavat, ettd bistaattinen tutkatomografiasatelliittisysteemi pystyy havaitse-
maan asteroidin syvélld sisdrakenteissa olevat onkalot, jotka voivat olla tyhjiditd, hyvin
huokoista materiaalia tai tiiviitd lohkareita. Tutkalla pystyttiin havaitsemaan myds pinta-
kerroksen alapuolinen halkeama hyvin tarkasti. Syvilld asteroidin sisélld oleva halkeama
tuotti vain pienen kaiun ja sellaisen tarkka havaitseminen on epdavarmaa. Tdmén tyon pe-
rusteella tutkatomografia on erittidin lupaava menetelma asteroidin sisdrakenteiden selvit-
tdmisessa.
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1. INTRODUCTION

There is water on Mars, reported news agencies around the world on 25 July 2018 [3, 7,
8, 10]. The results of the extensive analysis of the first low-frequency ground penetrating
radar ever to orbit another planet [43] spread around the world as soon as they were pub-
lished. European Space Agency’s (ESA) mission Mars Express and its Mars Advanced
Radar for Subsurface and Ionospheric Sounding instrument (MARSIS) had sounded the
area near the south pole of the planet between May 2012 and December 2015. An anoma-
lously bright subsurface reflections detected by the radar led the group to interpret the
feature as a stable body of liquid water on Mars.

Using ground penetrating radar is a well-established geophysical technique to explore
the terrestial underground [13]. While the traditional terrestial use of ground penetrating
radar involves placing the antenna close to the ground for the detection and imagining of
subsurface targets such as underground utilities, pipes, chemical spills, groundwater levels
[13], airborne ground penetrating radar was developed to perform cost-effective surveying
of the underground in applications which entail the necessity to work with an antenna not
in contact with the surveyed structure [22, 23, 51]. Such stepped-frequency continuous
wave airborne ground penetrating radar system have been validated to be consistent with
results in numerical experiments and measured airborne data [30].

The Apollo 17 mission used a three-wavelength synthetic-aperture radar to probe the
subsurface geologic structures of the Moon in 1972 [44]. In other applications in the field
of aerospace research, the use of a stepped-frequency Planetary Into-the-ground Radar
and Altimeter PIRA was developed and suggested for use in planetary research in 1997
[19]. The PIRA has a penetration depth of more than one kilometer. In 2003, a radio
reflection tomography mission to determine the geophysical properties of the deep interior
of a near-Earth asteroid was proposed [14].

The first attempt to measure the deep interior structure of a small solar system body was
Comet Nucleus Sounding Experiment by Radio-wave Transmission (CONCERT), a part
of ESA’s Rosetta mission to explore the comet 67P/Churyumov-Gerasimenko, in which a
radiotomographic radar signal was transmitted between the orbiter Rosetta and the lander
Philae [35, 36, 37]. Many more missions aiming at exploring the structure and composi-
tion of small solar system bodies are currently ongoing. In August 2018, the Osiris-REx
mission by NASA [17] will make a rendezvous with the asteroid 101955 Bennu to mea-
sure its physical, geological and chemical properties and collect a sample of asteroid
regolith on its surface [48] . The Japanese Aerospace Exploration Agency (JAXA) ex-
plored the asteroid Itokawa already in 2005 [6] and retreived surface regolith for analysis
on Earth [31], and confirmed the Earth-based radar and Hayabusa orbiter measurements
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of the classification of the asteroid [41, 42, 55]. The Hayabusa-2 mission by JAXA ar-
rived at the asteroid 16173 Ryugu in mid-June 2018 and will survey the asteroid for a
year and a half, returning to Earth in December 2020 [56]. These missions by NASA
and JAXA concentrate on surface properties of the asteroids and do not carry instruments
which could be used to explore the deep interior of the asteroids.

The next candidate mission to deploy a computed radar tomography system to explore the
deep interior of an asteroid is ESA’s Asteroid Impact Mission Hera which is due to launch
in 2023 [40]. The target of the mission proposal is the binary near-Earth asteroid system
Didymos. The current plan would allow for a payload of CubeSat opportunity, consisting
of the deployment of two 3U CubeSats [40].

For deployment of CubeSats in computed radar tomography, the concept of Deep Interior
Scanning CUbesat (DISCUS) involving bistatic radar measurement has been suggeted and
validated numerically [15, 46, 52]. The numerical experiments investigating a mathemat-
ical model applied to invert full-wave data for realistic asteroid sizes and shapes suggest
that such system can be used to detect macropores from the planned orbiting distance
[52].

This thesis extends the work in [52] to study a realistic rubble-pile asteroid model. The re-
alistic refers to the realistic shape, size, material composition and structure of the asteroid.
The earlier work is augmented in this work by modelling a realistic internal structure and
adding structural details such as void space, a cavity of highly porous material, electri-
cally dense material, and cracks of various shapes and locations, to the realistic, complex
shape of the asteroid Itokawa.

The aim of the thesis is to show that the CubeSat mission with bistatic radar instruments
described by the DISCUS concept can detect voids, cracks, and boulders inside a realistic
asteroid geometry, in realistic environment and conditions.
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2.1 Stepped-frequency ground penetrating radar

2.1.1 Operating principle

The Deep Interior Scanning CubeSat (DISCUS) design [15] carries two identical six-unit
(6U) CubeSats as a tandem to form a bistatic radar configuration (Figure 2.1(a)). The
stepped-frequency radar transmits a series of narrow-bandwidth pulses stepped by a fixed
frequency increase Af (Figure 2.1(b)). Each series of pulses is referred to as a burst. The
receiver samples the signal a rate which coincides to the center of each pulse.

Tx/Rx

Tx/Rx

Tx/Rx

Frequency

Tx/Rx

Tx/Rx

1 Rx Rx Rx Rx Rx
\ Time

(a) A bistatic stepped-frequency radar configura- (b) Stepped-frequency pulses. Transmitter (Tx) is
tion with transmitter (Tx) and receiver (Rx). active during the pulse and the receiver (Rx) regis-
ters signal continuously

Figure 2.1. Operating principle of a step-frequency radar. The transmitter (Tx) trans-
mits pulses with increasing frequency. The pulses penetrate the asteroid into the asteroid
and the penetration depths is dependent on the pulse frequency and the electromagnetic
properties of the asteroid interior. The reflected pulses are captured by the receiver (Rx)
which registers the pulse frequency and hence the traveltime of a pulse can be computed.

The operating principle of the radar relies on the electromagnetic theory and materials’
response to electromagnetic waves. Mathematically the physics of the electromagnetic
fields are described by Maxwell’s equations and expressed as
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VXE=—"—" 2.1
X 3, (2.1)

= — - al_j

VxH=J+— 2.2
X + > (2.2)
V.-D=g (2.3)
V-B=0 (2.4)

where E is the electric field strength vector (in V/m), ¢ is the electric charge density (in
C/m%), B is the magnetic flux density vector (in T), J is the electric current density vector
(in A/m?), D is the electric displacement vector (in C/m?), ¢ is the time (in s), and H is the
magnetic field intensity (in A/m).

The consititutive relationships describe a material’s response to electromagnetic fields.
In ground penetrating radar applications, the electrical and magnetic properties of the
material are of importance. Such constitutive equations provide a macroscopic description
on how the material responds to an electromagnetic field. Here, the constitutive equations
are

J=G6E (2.5)
D=¢EE (2.6)
B=[iH (2.7)

In the equation 2.5, electrical conductivity & characterizes free charge movement (cre-
ating electrical current) in the presence of an electrical field. Such resistance to charge
flow leads to energy dissipation. Dielectric permittivity € in the equation 2.6 describes
the displacement of charge within the material structure in the presence of an electric
field. Charge displacement results in energy storage in the material. In the equation 2.7,
magnetic permeability i describes the intrinsic atomic and molecular magnetic moment
response to a magnetic field. For simple materials, distorting intrinsic magnetic moment
store energy in the material.

In ground penetrating radar applications, &, &, and [ are treated as field-independent
scalar quantities, which response is in the same direction as the exciting field and is inde-
pendent of field strength. Furthermore, the frequency of the wave is high enough that the
dielectric properties €, ¢ and i of the medium are frequency-independent [13]. Such as-
sumptions simplify computation and appears to be valid in realistic practical applications
[13, pp.7]. In most applications the variations in electrical permittivity and conductivity of
the material are the most important, while variations in magnetic permeability are seldom
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of concern because magnetic properties of rocks and soil are negligible in comparison to
their electrical properties.

2.1.2 Interaction of electromagnetic waves with matter

As electromagnetic waves propagate through material they interact with particles and
inhomogeneities, locally perturbing the local electron distribution in the matter. Elec-
tromagnetic wave interaction produces periodic oscillations of the induced local dipole
moments and can act as a source of electromagnetic radiation causing scattering. The
majority of the scattered wave oscillates at the same frequency as the incident wave and
the scattering is elastic.

Interaction of waves with matter may also lead to absorption in which the energy of the
wave is absorbed by the electrons of an atom. Thus the electromagnetic energy is trans-
formed into internal energy of the absorbing material, for example thermal energy.

The combination of scattering and absorption events decreases the intensity of an electro-
magnetic wave and is referred to as attenuation. Attenuation limits the range of electro-
magnetic waves and is affected by the materials through which the signal travels. There-
fore, when an electromagnetic wave propagates in materials, it is attenuated due to the
dielectric and magnetic properties, in other words the composition, of materials.

2.1.3 Electrical permittivity

A body’s electrical permittivity describes the material’s ability to store and release elec-
tromagnetic energy in the form of electric charge. Classically it relates to the storage
ability of capacitors. Alternatively, it can be described as the ability to restrict the flow
of free charges (in F/m) or the degree of polarisation exhibited by a material under the
influence of an applied electric field. In this thesis and many practical applications it is
used in terms of a non-dimensional, relative permittivity term &,:

8’. = —, (2.8)
in which € is the permittivity of the material and &y is the permittivity of vacuum. The
permittivity of the vacuum &y = 8.8542- 10~!2 F/m.

The relative permittivity of a material is directly related to the electric susceptibility ().)
of the dielectric material, which is a measure of how easily the material polarizes in
response to an electric field, given by

Xe =& — 1. 2.9)
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The permittivity of materials can vary dramatically as a function of porosity, material
composition, temperature, internal structure and/or the scale of heterogeneity of struc-
ture. The presence of free and bound water increases permittivity easily by an order of
magnitude [21, pp.46]. Electrical permittivity is a complex, frequency-dependent quan-
tity with real (energy storage) and imaginary (energy loss) components. It is often, as also
in this thesis, simplified to its constant, low-frequency real component with the loss term
ignored. This is convenient and possible for the approximate calculation of radar wave
velocities and wavelengths, but loses some of the details in the analysis [21].

2.1.4 Radar design and range resolution

The radar signal is generated by the transmitter which supplies an electric current to the
antenna. During transmission, the oscillating current applied to the antenna creates and
oscillating electric field around the antenna elements. These fields radiate electromag-
netic energy away from the antenna into space as a moving transverse electromagnetic
field waves. The stepped-frequency radar transmits such series of pulses with increasing
frequency.

The radar design is based on the stepped-frequency technique which allows for high ef-
fective bandwidth with narrow instantaneous bandwidth, enabling higher signal-to-noise
ratio. In comparison to impulse radars, the required peak power is smaller in stepped-
frequency radars.

The range resolution &, of the radar is dependent on the signal velocity v and the band-
width B by

Oy = 2B (2.10)

In vacuum (free space), signal velocity corresponds to the speed of light c. The speed
of signal travelling in a dielectric medium, v, can be derived from Maxwell’s equations
2.1-2.4 and is given by

v:L (2.11)

VHE’

in which u is the magnetic permeability of the medium and € is the permittivity of the
medium. By combining equations 2.8 and 2.11, the speed of signal travelling in a dielec-
tric medium is given by

(2.12)

5
3~
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Combining the equations 2.10 and 2.12 yields the equation for range resolution &, of the
radar in a dielectric medium

S =———. (2.13)

2.1.5 Radar equation

Radar equation describes the power P, returning to the receiving antenna

PGA,0F*

), = —(;7;)2;?,21%; : (2.14)
where P, is the transmitter power, G; the gain of the transmitting antenna, A, the effective
aperture (area) of the receiving antenna (which can also be expressed as G,A%/(47), in
which A is the transmitted wavelength and G, is the gain of the receiving antenna), o is
the radar cross section, or scattering coefficient of the target, F is the pattern propagation
factor, R; is the distance from the transmitter to the target, and R, is the distance from the
target to the receiver.

2.1.6 Realistic radargram

The key to understanding ground penetrating radar measurement data is to realize that the
image constructed on the screen is not a cross-section of the subsurface but is the time-
dependent response of the subsurface materials to the propagation of electromagnetic
energy, as recorded at the receiving antenna. The reconstructed radar image is a function
of the power of the wave echo recorded by the receiver.

The Figure 2.2 shows a radargram and wave echo power plots produced by the MAR-
SIS (Mars Advanced Radar for Subsurface and Ionosphere Sounding) radar on board of
European Space Agency’s mission Mars Express, sounding the South Pole of Mars. The
reconstructed image shows bright echoes at the surface of the planet and at the interface
of the South Polar Layered Deposits (SPLD) and basal material. The echo power plot
shows how the power of the received echo is higher than the power of the surface echo
along approximately 20 kilometer distance (between the along-track distance 40-60 km.
Such bright echo is a result of a material with high dielectric permittivity (€. > 15) and
strongly suggests the presence of water-bearing materials at a depth of approximately 1.5
kilometers [43].

2.2 Computed radio tomography in asteroid modelling

The computed radio tomography problem is formulated as a far-field model depicted in
the Figure 2.3. The 3D asteroid model is fixed to the center of an origo-centric sphere
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Figure 2.2. A radargram and echo power plots of the European Space Agency’s MARSIS
radar showing actual radar measurement data detecting a bright subsurface reflections
corresponding to high (> 15) electrical permittivity, matching that of water-bearing ma-
terials and suggesting liquid wated can be found in the subsurface regions in the South
Polar Layered Deposits (SPLD) in the southern ice cap of the planet Mars. [43]

() enclosing the domain €;, enclosed in an origo-centric cube (£21), which contains a
split-field perfectly matched layer to simulate open field scattering. The satellites carrying
the radars are located outside the domain Q = Q; UQ,. [52]

2.2.1 Satellite points

Satellite points are computed for the bistatic (two-satellite) orbiter configuration as pre-
sented in Figure 2.4. The satellite position is presented by spherical coordinates (r, 6, @),
in which the angle 0 is the angle between the satellite orbiting plane normal and the as-
teroid spin, and the angle ¢ is the angle covered by the satellite due to its motion. The
radius, r, is the satellite orbiting distance.

The satellite positions p at each time point are determined by the asteroid spin w;, and
the angular frequency with which the satellite orbits the asteroid, wy. At a time point ¢,
the position of a satellite is determined by

p=p)R;, (2.15)

in which p(7) is the satellite position at time ¢ as determined by the satellite motion, and
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/

Figure 2.3. The structure and domains of the computational model (not in scale). The
domain Q = Q1 UQ,. The interior of the sphere ./ centered at the origin forms the
subdomain €. The exterior of the domain € inside the cube, 1, contains a split-field
perfectly matched layer to simulate open field scattering. The asteroid which interior
structure is to be modelled is placed inside the sphere .7, and its origin is aligned with
the origin of Q.

R, is a rotation matrix around the z axis accounting for the correction in the position due
to the retrograde spin of the asteroid. The point p(t) is calculated by

cos(@a(t)+kP)cosO
p(t) = sin(@a(t) +kB) , (2.16)
cos(@(t) +kP)sin0

in which @, () = 2mwst, accounting for the angular movement of a satellite, k = O for
satellite 1 and k = 1 for satellite 2, and f is the bistatic angle between the satellites.

The rotation matrix R, around the z axis is given by

cos@i(t) —sin@i(r) 0
R(g1(1)) = | singu(t) cos@i(r) O], @.17)
0 0 1

in which ¢@; () = 2wt is the angle which is covered due to asteroid rotation.
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Figure 2.4. A schematic illustration of the bistatic measurement approach. The angle
0 depicts the limiting angle between the satellite orbiting plane normal and the asteroid
spin. The angle B is the angle between the satellites in their orbitting plane. The two
satellites orbit at distance r from the center of the asteroid.

2.2.2 Forward model

The radio signal transmitted at point 7 in a spatio-temporal domain [0, 7] is modelled as
a point source of the form

If(t,%) _f(6) ¢ n oz
fth): ];y)S(x—p) with f(O):E(O):O’ (2.18)

in which 0 (X — p) denotes the Dirac’s delta funktion satisfying [h(X)d (X — p)dV = h(p)
for any sufficiently regular function 4.

The resulting electrical potential field u, which is the signal captured by the antenna, is
assumed to satisfy the hyperbolic wave equation

0%u du af ) o Odu._
Srw + GE —Azu = E with M(O,X) = E(O,X), (2.19)

in which &, is the real-valued relative electric permittivity and ¢ the real conductivity
distribution.

The equation 2.19 is solved in its weak form



2.2 Computed radio tomography in asteroid modelling 11

)
8r8—?+0'u—V-§:f and
g
98 _Vu=0 2.20
5 u=20, (2.20)

where g = [ Vu(t,%)d7 in the domain Q x [0, T].

Solving a partial differential equation such as 2.20 is not straightforward. However,
rewriting the equations by multiplying the first and the second equation by test functions
v:[0,T] — H'(Q)jaw:[0,T] — Ly(Q), respectively, and transferring partial derivatives
to those test functions [46] yields the weak formulation of the problem

0 f(r), ifxX=p,
—/Srude+/Gude+/§~Vde: f), ifx¥=p 2.21)
ot Jo Q Q 0, otherwise.

a - = —

—/g~wdQ—/w~VudQ:0 (2.22)

ot Jo Q

Under regular-enough conditions, this weak formulation has the unique solution u : [0, 7] —
H'(Q) [29].

The forward model is the discretized, linearized and simulated in a finite element mesh.
The details of these methods are described in [46] and [54]. The forward simulation is
run to the asteroid model under investigation and a background model.

2.2.3 Inversion process

The forward problem is to predict the voltage of the antenna, given the computation geom-
etry and the unknown parameters. The inversion task is to recover the relative electrical
permittivity formulated as

LX+n=y -y, (2.23)

where the vectors y and y,, contain the measured and simulated data for & and &,
respectively. The vector x is the coordinate vector for €., n is a noise term including
modelling and measurement errors, and L corresponds to the Jacobian matrix resulting
from the linearization [46].

The relative permittivity distribution is reconstructed via the total variation based iteration.
An estimate of x can be obtained via the iterative regularization procedure
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x; = (LTL+oDID) 'Ly, T, = diag(|Dx|)"!, (2.24)

in which I'y = I and D is of the form:

D;;=pB8 8 (28— 1)
ij=Poijt (20— 1),
/ / max; £0)) /
Lifj=i,
5 = A (2.25)
0 otherwise [46].

The first term is a weighed identity operator limiting the total magnitude of x, whereas
the second term penalizes the jumps of x over the edges of the mesh, the () being the
edge length.

The inversion process in the equation 2.24 minimizes the function

F(x) = ||[Lx — ypg — ¥|3 + 2| Dx||1, (2.26)

in which the second term equals the total variation of x if B = 0 [46]. The coefficients o
and f are the reqularization parameters.

2.3 Gaussian random fields
2.3.1 Multivariate normal distribution

Multivariate standard normal distribution

Definition 2.3.1. A random variable U = {U},...,U;} has a k-dimensional standard nor-
mal distribution N;(0,I) exactly when its components U; are independent random vari-
ables from the N (0, 1) normal distribution.

Due to the independence assumption it follows that the probability density function of the
vector U ~ N (0,1) is

k k 1 1
fu(w) = gfui(u,) = E Vo
= (27)7*/? exp(—%(u% +-4u2)) = (21) 2 exp(—=u'u) (2.27)
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The expectation value of the random variable vector U is a k-dimensional zero vector and
the covariance matrix is a unit matrix of k X k dimensions

E[U =0, Cov[U]=1I. (2.28)

The moments of the random vector U are given by

k
My(t) = Elexp(i"U)] = E[ [ Jexp(a7)]| = [T = exp(5¢"t). (2.29)

The general multivariate normal distribution

The general multivariate normal distribution can be extended by the definitions of the
standard normal distribution, by defining the random variable X by

X =AU+ p, (2.30)

in which A is a positive semi-definite matrix of size m x k, t € R™ is a vector of constants,
and U ~ Ni(0,I;). Hence the expectation and covariance of the general multivariate nor-
mal distribution are

EX]=u, Cov[X]=ALAT =AAT. (2.31)

The covariance matrix of the random vector X is denoted by

¥ = Cov[X] = AAT. (2.32)
The matrix £ € R*¥ is a symmetric and positive semi-definite matrix. Hence it has real,
non-negative eigenvalues A; and eigenvectors v;.

The moments of X is obtained by

Mx(t) = Elexp(t' X)] = Elexp(t' (AU + p))] = exp(t’ p)My (A"t)
2.33
= exp(t’ u+ %tTAATt) —exp(ti u+ %tTZt). (239

If the covariance matrix X is positive definite, the random variable X ~ Ny(i,X) has a
probability density function which is given by
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_ ~1/2 1 _
fx(x) = 2m) K2 (det(E)) 2 exp (— S (x— wiEtx— u)) : (2.34)
The requirement of positive definite covariance matrix ensures that the matrix is invertible.

2.3.2 Random fields

Definition 2.3.2. A random field is a finite or real-valued function X (t, @) which, for ev-
ery fixed t € T in the parameter set 7' is a measurable function of @ € € in the probability
space (Q,.Z,P).

In the definition, the probability space consists of the sample space Q of sample points
o, a c-algebra . dividing Q into subsets, and a probability measure P assigning prob-
abilities to all members of .%. The set Q contains all possible outcomes and each ®
corresponds to a possible outcome of an ’experiment’. The members of .# correspond to
events which form a o-algebra for the assignment probabilities [12].

In the three-dimensional Euclidean space, the parameter set T = R3. Such random vari-
able is hence X; = X (t, ), when t € R3,

The formal definition 2.3.2 simply means that a random field X; on R¥ is a function which
values are random variables for any t € RK. In this thesis, a Gaussian random field is
generated to a complex, realistic asteroid geometry and hence the dimension is here three
(3), but any k > 0 is possible.

A random field is described by its finite-dimensional cumulative distributions

Ftl,...,tk (x1 youe ,xk) = Prob {th S Xlyeo- ,th S xk} 5 (235)

which are right-continuous and non-decreasing [12].

The finite-dimensional distributions must satisfy two consistency requirements, the sym-
metry condition and the compatibility condition. When we consider a permutation 7
of the index set {1,...,k}, we see that the events [X;, < xy,...,X;, < xi and [Xi,, <
Xzl,-- . Xt,, <Xz are identical. Hence, the symmetry condition

Fi],....,@ (xl P ,Xk) = F'tn-],....,tnk (-xﬂ'la e 7x7tk) (236)

must hold. A similar argument implies that the compatibility condition

El,...,tk_l (.Xl, e ;xk—l) = F'tl,...,tk_l,tk (xlv' = ,Xk_],°°) (237)
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must be satisfied. These two conditions 2.36 and 2.37 need to be satisfied by cumulative
distribution functions (2.35) originating from a random field.

The expectation of a random field is by definition

m(t) = E[X,] = /Q X (0)dP(o). (2.38)

The covariance function is expressed as

C(t,s) = Cov[Xe, Xs] = E[XXs] — m(t)m(s), (2.39)

and the variance is

o2 (t) = C(t,t1). (2.40)

The autocorrelation function of a random field is by definition

C(t,s)
o(t)o(s)

Definition 2.3.3. A Gaussian random field is a random field where all the finite-dimensional

p(t,s) = Corr[X;, X;] = (2.41)

distributions, Ft, ¢, are multivariate normal distribution for any choice of k and {t,...t;}.

A random field can be described further by its stationary and isotropic or anisotropic
properties. The strict definition of stationarity requires that all its finite-dimensional dis-
tributions are invariant under arbitrary translations. In the following, we assume that 7
is a linear space such that t,s € 7" and that t+s € 7. The space has a properly defined
distance measure or norm, denoted by d(t,s). A typical example of such space would be

R" with the Euclidean norm 7 = d((t,(s) = ||t|| = y/ T2 + - - + T2.

Definition 2.3.4. (Stationarity in the wide sense) A random field is a stationary random
field if
m(t) =m and C(t,s) =C(1), (2.42)

where T =t —s is the separation vector. The corresponding covariance/correlation func-
tion is called a stationary covariance/correlation function.

Any stationary covariance function must have constant variance so that C(1) = 62p (7).

Stationarity implies that the correlation function is translation invariant. A subclass of
stationary functions is isotropic functions.
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Definition 2.3.5. (Isotropic random fields) A stationary random field is an isotropic
random field, if the covariance function depends on the distance alone, i.e. C(t,s) = C(7),
where T =d(t,s)

Isotropic correlation functions are significant because they are simple: it depends on a
single variable, the distance between t and s. When using a Euclidean norm in R", the
verification of positive definiteness is simple.

Anisotropic random fields are random fields which stationary correlation function de-
pends on 7 through a non-Euclidean norm of a more general form, such as 7 = ||T||x =
v T'K7. The matrix K must be positive semi-definite to ensure |||

K > 0 for any 7.

A thorough theoretical review of Gaussian random fields is available in [12].

2.4 Graphics Processing Unit computing

Computing applications have traditionally been performed by the central processing unit
(CPU). For 30 years, Moore’s law of microprocessor performance improvement ensured
CPU computing performance grew at a rate of 50 percent per year. However, the limits
of semiconductor physics mean that CPU performance grows now only by 10 percent per
year. [1]

Graphics Processing Unit (GPU) was originally developed and used to handle and accel-
erate computations for computer graphics rendering. Such graphics applications usually
involve vectors and matrices in two, three or four dimensions. Therefore a typical GPU
comprises a massively parallel array of integer and floating-point processors, including
a dedicated high-speed memory. As scientific calculations and systems are commonly
characterized with large matrix operations, GPUs are increasingly applied to scientific
calculations. It is expected that GPU computing extends Moore’s law and promises to
continue the 50 percent yearly rate of computing performance increase at least up to the
year 2025. [4]

The power of GPU computing in especially evident in computationally intensive applica-
tions, such as solving partial differential equations in a large system. The limitations of
GPU involve memory access, because data has to be sent from the CPU to the GPU be-
fore calculation and then retrieved back afterwards [4]. Hence the overall computational
speed-up is limited by the amount of data transfer which occurs during the algorithm.
Therefore, the computations performed on a GPU need to be

1. computationally intensive, and

2. massively parallel.

This means that the time spent on computation should exceed the time spent on transfer-
ring data to and from GPU memory, and the computations should be possible to break
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down into hundreds or thousands of independent units of work. The forward model of
full-wave simulation (section 2.2.2) used in thesis is a classical example of such applica-
tion which benefits remarkably from GPU computing.
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3. ASTEROIDS

3.1 Small solar system bodies

Asteroids are small, irregularly shaped solar system bodies composed of minerals and
rocks. Asteroid and cometary populations of today are the only remnants from the era
approximately 4.5 billion years ago, when the large planets in our solar system were
formed. Although altered by numerous collisions, internal heating and space weathering,
asteroids still represent the least altered material from this time. There are between 1.1
and 1.9 billion asteroids with diameters over 1 kilometer [9] in the so-called main asteroid
belt located between the orbits of Mars and Jupiter.

The Near-Earth asteroids (NEAs) are asteroids which orbits pass close (perihelion dis-
tance less than 1.3 AU) to that of Earth. To date, more than 18 000 NEAs have been
discovered [2]. More than half of them are smaller than 140 meters in size. The size of
over 8 000 NEAs is between 140 m and 1 kilometer. Only a vast minority, less than 900
asteroids, are larger than 1 kilometers in size.

Asteroids are classified into groups based on their color, albedo and spectral shape, cor-
responding to the asteroid’s surface material. The original classification system [24] had
three categories: C-types for dark carbonaceous objects (75 % of known asteroids), S-
type for stony (silicaceous) objects (17 % of known asteroids) and U for the unknown
type of asteroids, which did not fit to either the type C or type S. Also other classifica-
tion systems [53] have been developed and the original spectrum-based system expanded
[20] to include a third broad category X into the classification system, which includes, for
example, M-type asteroids thought to indicate a metallic body.

3.2 Rubble pile asteroids

A rocky body can be monolithic, fractured or a rubble pile. A monolithic body is relatively
uniform in density and contains practically no macroscopic voids or cracks. Its strength is
determined by the material itself. Most asteroids, however, are not monoliths, but consist
of smaller fragments bound together by gravity. They may contain irregularly shaped
crack and voids between the numerous fragments. Such bodies are called rubble piles.

Rubble pile asteroids exhibit high macroporosity which can be explained by void space
between fragments [31]. They have been found to have an upper limit to their spin
rates [45], providing evidence that asteroids larger than a few hundred meters are mostly
loosely bound, gravity-dominated aggregates with negligible tensile strength.
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3.3 Itokawa

Asteroid Itokawa is an S-type Near-Earth Asteroid consisting mostly of iron and magne-
sium rich silicates olivine and pyroxene [31]. A petrological analysis groups it together
with ordinary chondrites of subtypes LL4-LL6 [41], and mineral chemistry indicates that
the majority of regolith surface particles suffered long-term thermal annealing and subse-
quent impact shock, suggesting that [tokawa is made of reassembled pieces of the interior
portions of a once larger asteroid [55].

Eastern side “Body”

Figure 3.1. The shape of asteroid Itokawa resembles sea otter. Picture was taken on the
Japanese Aerospace Exploration Agency mission Hayabusa. [49]

Itokawa has a peculiar shape which has been described to resemble a sea otter (Figure
3.1). It is composed of two parts, the smaller one is named the otter’s ”head” and the
other (larger) is the otter’s "body”. The general appearance of the shape is rounded. The
asteroid’s orthogonal axes are 535 (x), 294 (y) and 209 (z) meters, the mass is 3.51 - 1010
kilograms, and the volume approximately 1.87 - 10’ m? [11]. The estimated bulk density
is hence 1.9 +0.13 grams per cubic centimeter which is significantly less than S-type
asteroids on average (approximately 2.6 g/cm?). Furthermore, the rotational period of
Itokawa is 12.1 hours [31]. The measured values for bulk density leading to macroporosity
and rotational period both make a strong suggestion that Itokawa is a rubble pile asteroid.

Macroporosity of Itokawa was estimated to be approximately 41 percent, whereas the
typical macroporosity of an S-type asteroid is roughly 30 percent. Also the density of
ordinary LL chondrites is almost 50 percent higher than the bulk density of Itokawa,
suggesting Itokawa contains considerable amount of void space in its interior. It is not
yet clear what the relative micro- and macroporosity values are, but at least in terrestial
geology, porosities larger than 30 percent commonly indicate loose soils or rubble. [31]
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The surface of Itokawa is divided into areas of rough and smooth terrain (Figure 3.2).
The rough terrain consists mainly of numerous boulders and the smooth areas of the
Muses sea extends around the “neck’ of the asteroid. There is no substantial difference in
mineralogical composition over the asteroid’s surface in spite of the bifurcated appearance
of Itokawa’s shape [11, 42].

B
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Figure 3.2. Itokawa as photographed by Hayabusa. There are numerous boulders, such
as the labeled Yoshinodai, Pencil and the Black boulder, on the surface of the asteroid. The
crater Komaba is also visible, as are the smooth areas of the Muses Sea and Sagamihara.
[49]

Based on the surface images, Itokawa seems to be composed of 100-200 m blocks and
to be covered by a thin regolith layer mainly composed of gravels and pebbles [16]. The
blocks may be monolithic or an aggregate of smaller blocks, pebbels or gravels and the
internal structure can be a complicated network of such smaller bodies. In 2008, Scheeres
and Gaskell suggested [50] that non-uniform mass distribution could explain the non-
detection of the YORP effect on Itokawa. The YORP effect changes the rotation state
of a small astronomical body due to scattering of solar radiation off its surface and the
emission of the body’s own thermal radiation. A later study [39] suggested mean densities
of 1.7540.11 g/cm® and 2.8 450 g/cm? for the two components forming the asteroid.
This would imply a rubble pile lobe is attached to a monolithic lobe. Nevertheless, there
are also other alternative explanations for the discrepant data, which motivates the need
for direct measurements [33].

Electrical permittivity is a function of several properties: porosity, composition of the
material, temperature, internal structure, and/or scale of potential heterogeneities. For
Itokawa we have reasonable real data for porosity, composition of the material and tem-
perature. Electrical permittivity values of rocky materials found on Earth appear to exhibit
some correlation with density. Compact rocks with little porosity are typically represented
by values 3 < g < 10 [13]. Highly porous materials exhibit smaller permittivity values.
The estimated relative electrical permittivity of and S-type asteroid with LL chondrites
and with approximately 40 % porosity is 4 [33]. The higher the metal content, the higher
the relative permittivity and the value also increases with decreasing porosity.
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4. METHODS

4.1 Finite element model of the asteroid Itokawa

The realistic finite element model of the asteroid Itokawa (Figure 4.1) was constructed
based on the detailed surface stereolitography file [S] which was further processed to ob-
tain a computationally valid surface model of the asteroid. The unstructured triangulated
asteroid surface was imported to Meshlab [27] and resampled with Poisson-disk sampling
algorithm to construct a uniform mesh which contained 5 762 nodes and 11 520 faces.

The interior model of the asteroid was constructed from the outer surface model. The
interior surface was first smoothed with Laplacian smoothing algorithm to even out the
contour. Then the surface was scaled by factor of 0.9. The interior surface was resam-
pled and a uniform mesh was reconstructed by a process similar to the reconstruction
of the outer surface. By placing the interior surface inside the asteroid outer surface, a
model with surface layer and a surface containing the deep interior of the asteroid was
formed. Further details to the deep interior was added by making an ellipsoidal mesh
which was placed within the asteroid. The details of constructing the finite element mesh
are described in [54].

Figure 4.1. Finite element model of Itokawa including a single deep interior void in
the body of the asteroid. The detailed model includes the outer surface of the asteroid,
enclosing the interior enclosing a deep interior void.

4.2 The structure and the domains of the computational model

The structure and the domains of the computational model depicted in Figure 2.3 were
constructed in Gmsh [32]. The developed . geo scripts describe each surface and volume
of the model and thus assign boundaries to the parts of the model, namely the outer cube,
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the sphere, and details of the asteroid structure, including the asteroid outside surface,
interior surface and deep interior anomalies.

The three-dimensional finite element mesh was computed and optimized by Gmsh tools
and stored in .msh file from which the mesh node and tetrahedra data were extracted
by standard bash script methods. The realistic base model without deep interior details
included 37 723 nodes and 212 828 tetrahedra.

4.3 Computing the orbiter points

The data points at which tomography signal is transmitted and received by the orbiters
were calculated for the case where there are two orbiters which cover a sparse limited-
angle measurement (shown in Figure 2.3). The angle 6 between the measurement plane
normal and the asteroid spin is 70°. In total 64 measuremet points were included in the
point cloud. The parameters for computation is shown in the table 4.1.

Table 4.1. Parameters for the orbiter tomography signal transmission and receiving point
computation, shown schematically in Figure 2.4.

Parameter Value
data points 64
n of orbiters 2
r, orbit radius 2.4
7] 70°
bistatic angle, 3 25°
asteroid spin rate, wy 10

orbiter angular frequency, w,  0.336
traveltime between points, t  0.0175

A quiver plot showing the position and orientation of the two orbiters is in the Figure 4.2.
The aperture around the z-axis is evident in the figure

4.4 Computing Gaussian random field inside a realistic asteroid geom-
etry

A computational pipeline to create a Gaussian random field to model a realistic spatial
distribution of electrical permittivity inside any realistic asteroid geometry was developed.
A Gaussian random field was first generated in a regular three-dimensional meshgrid
cube. The mean of the random field was set to 4 and standard deviation of 1. Correlation
was chosen to be isotropic. Correlation value was set to 0.2 and was so chosen based on
visual examination in order to obtain slight correlation of values, and not totally random
Gaussian variation of electrical permittivity inside the cube. This choice was thought to
account for the realistic case where an asteroid is composed of materials of variable shapes
and sizes bound together by gravity. A completely random (zero-correlation) would have
been appropriate for generating a mere noise model.
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(a) The coarse mesh with Gaussian random field. (b) The fine mesh with the original Gaussian random
field interpolated to the finer mesh.

Figure 4.3. Generation of the gaussian random fields inside three-dimensional mesh-
grids.

The random field was first generated in a coarse mesh, 20 units in each dimension (Figure
4.3(a)). Implementation of the Gaussian random field algorithm was retrieved from [28].
In the next stage, a finer mesh of 100 units per dimension was constructed and the random
field values interpolated from the coarse to finer mesh (Figure 4.3(b)). Finally, the realistic
asteroid interior geometry was fitted inside the finer cubic mesh and the values in the cubic
mesh were assigned to the geometry by mapping the nearest mesh coordinate and its value
to the nodes in the realistic asteroid finite element model (Figure 4.4).

Each finite element mesh tetrahedra are assigned a value which is the average of the elec-
trical permittivities of each node constituting the element. Lastly, should the random field
have created permittivity values below 1 (which is the electrical permittivity of vacuum
and therefore the physical minimum of permittivity), such values are replaced by 1. Fig-
ure 4.5 shows cross-sections of asteroid Itokawa interior finite element permittivity mesh
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random variable, value

Figure 4.4. Gaussian random field modelling a realistic asteroid interior. Electrical per-
mittivity values are first interpolated to mesh nodes.

obtained with the procedure. For each of the following structural models, the Gaussian
random field was simulated independently.

Figure 4.5. The realistic asteroid interior simulated for each of the deep interior struc-
tural models in this thesis. The surface layer is clearly visible and the Gaussian random
field in the deep interior models inhomogeneities of the interior.

4.5 Structural details to the realistic asteroid model

4.5.1 Single small void

The realistic asteroid model was further extended to include a single anomaly in the deep
interior. The anomaly was modelled with an ellipsoid placed in the body of the asteroid
(Figure 4.6). The anomaly represents a void inside the deep interior of the asteroid. It
would correspond to a cavity, for example between two large boulders constituting a part
of the body of the asteroid.
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Also in this model, the other parts of the interior was modelled with a Gaussian random
field to account for the variability of electrical permittivity inside the asteroid due to the
rubble-pile nature of the asteroid (Figure 4.6). The model shows how the surface layer
of the asteroid is clearly visible and the permittivity values in the interior of the asteroid
vary between approximately two to six.

Figure 4.6. Electrical permittivity model of Itokawa with a single void in the deep interior
of the asteroid.

4.5.2 Single cavity filled with highly porous material

Having empty void space within an asteroid is an interesting case. However, in a realistic
case, an asteroid may contain internal structure which dielectric properties are not as
distinct from the surroundings as that of having empty void space. Asteroid interior may
include not only void space, but also areas which are occupied by a very porous, loose
material. Such case is modelled with an ellipsoid shape which electrical permittivity is
adjusted to 2 instead of void permittivity (Figure 4.7). The aim of this test case is to
model a situation in which there is a larger area of a single substance, but which electrical
properties are not as distinct from the surrounding materials as that of a void space.

4.5.3 Single boulder

An asteroid may also be formed around a single large boulder with electrical permittivity
significantly higher than that of the surrounding more porous material. Such system is
investigated with a model similar to the single void, but the electrical permittivity of the
enclosed ellipsoid within the deep interior is assigned a value significantly higher than

2

the surrounding other material (Figure 4.8). Here we chose to fix the "boulder’s” relative
electrical permittivity to 15, corresponding to fractured and wet granite and various types
of wet concrete [21], or metallic materials within rocks. Although wet materials are
not expected to be found in asteroids, it is important to simulate whether detection of

significantly higher relative permittivities is possible.
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Figure 4.7. Electrical permittivity model of Itokawa with a cavity with loose and porous
material in the deep interior of the asteroid. The structure of the model is the same as in
the Figure 4.6, but the permittivity of the cavity is higher than void, adjusted at €. = 2.

4.5.4 Crack in the deep interior

To model a crack inside an asteroid, a simple nearest-neighbour walking algorithm through
the finite element mesh nodes was implemented to create a crack across the asteroid in-
terior. At each iteration round the forward step is taken to the next dimension so that the
walk iterates to the closest next point in the order x -y — z — x — .... The starting
point of the iteration is the median value of the x coordinates. The length of the crack was
assigned 100 steps.

Each node which was included in the path was assigned a permittivity value of vacuum.
Each tetrahedra was assigned a permittivity value which was average of the permittivities
of the constituting nodes. Hence the crack was extended to the finite element mesh.

A crack is irregularly shaped and smaller in comparison to a void (Figure 4.9), therefore
more challenging a test for the radar detection power. The obtained crack width is in the
order of 5-20 meters, depending on the location within the asteroid.

4.5.5 Shallow crack

A shallow crack was simulated similar to the deep crack (Section 4.5.4), but the selected
starting point was the minimum of the x-coordinate of the deep interior of the asteroid
model. A similar nearest neighbour walking algorithm was used to select the nodes which
were included in the crack. The crack was allowed to form a crossing in approximately
the middle of the crack, forming two arms to the crack. Cracks such as these would form
between larger boulders due to variable shapes and sizes and therefore detection of such
empty space between denser material is of special interest.

The generated shallow crack is depicted in the Figure 4.10. The 3D representation of the
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Figure 4.8. Electrical permittivity model of Itokawa with a single large boulder with
relative electrical permittivity of 15 in the deep interior of the asteroid. Note that the
scale of the colormap is different from the other figures in this section due to the high
permittivity value of the boulder.

generated crack is shown in the Figure 4.10(a) and the resulting complete asteroid model
is shown in the Figure 4.10(b).

A shallow crack such as this one could be created in the interface of two layers of mate-
rials. Because the crack is near the surface of the asteroid, it should be detected by the
DISCUS radar.

4.5.6 Background model

Inversion process requires a reference level, a background model, which lacks the detail
to be recovered by the simulation. Such background model is constructed similar to the
actual computational model (the complete model in the Figure 2.3), but only the outer
surface of the asteroid (Figure 4.1) is included in the asteroid model.

The background model finite element mesh is coarse in comparison to the realistic as-
teroid models including details in the asteroid interior. The electrical permittivity of the
background model asteroid is set to a constant value 4. It does not have surface layer or
any of the other details.

4.6 Computation parameters

4.6.1 Signal pulse

The signal pulse, f(t), is modelled by a single Blackman-Harris window

f(r) =0.359 —0.488 cos (?) +0.141 cos (?) —0.012cos (?) 4.1)
0

0 0
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(a) 3D illustration of a deep crack (blue) inside the
asteroid interior. Only one half of the asteroid is
shown for reference.

(b) The electrical permittivity mesh of Itokawa
with a crack in the body of the asteroid.

Figure 4.9. The generated crack dissects the asteroid interior in the direction of the z
axis.

Table 4.2. Targeted DISCUS radar parameters [15].

Center frequency 20-50 MHz

Antenna length two times 1.5-3.75 m (half-1)
Radar modulation 32 to 2048 lines

Pulse duration (at 5 kms distance) 32 us

Pulse repetition time (at 5 kms distance) 150 us

Input/transmitting power 40 W/10 W

Receiver bandwidth 2 MHz

for t € [0,Ty] and f(¢) = 0 otherwise. The unitless pulse duration Ty was chosen to be
0.12, resulting into approximately 2 MHz bandwidth needed for transmitting the pulse.

4.6.2 Radar specifications

The goal of the DISCUS mission is to include a radar with a 2 MHz total signal band-
width and 20-50 MHz center frequency [15]. The targeted frequency is in the lower end
of usable frequencies and has been selected in order to achieve appropriate signal pene-
tration and to minimize solar noise [34]. Should the Sun be active during measurements,
the dominating error source would be the electromagnetic noise originating from solar
radiation. The effect of the Sun’s radiation is also minimized by pointing the antenna
towards the Sun during the measurements in order to minimize capture of any signal from
the Sun. The targeted radar parameters are summarized in Table 4.2.

The duration of a single frequency line is given by T = 1 /By, in which By = B/N, meaning
that the total bandwidth B is divided by the number N of frequency lines. Approximately
64 lines with pulse duration 32 us can be transmitted and received separately from a 5
km distance of the asteroid (the pulse duration is 96 % of the total travel-time) [15].

The minimum distance between separable items discerned by the DISCUS radar is 20 to
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(a) The 3D illustration of the crack (blue) inside the (b) The electrical permittivity mesh of Itokawa
asteroid. The generated crack is shown in blue. A with a shallow crack placed at the interface of the
part of the asteroid is shown for reference of the  surface layer and the deep interior.

location and size of the crack.

Figure 4.10. The generated shallow crack runs close to the surface layer of the asteroid.
It forms two arms, which are clearly shown in the 3D representation of the model, and
exhibits a curved shape just below the surface layer of the asteroid.

40 meters inside the asteroid. The exact range resolution depends on the relative electrical
permittivity by the equation 2.13. The lower end of the range is achieved in the areas of
high relative permittivity, and the higher end when the relative permittivity is approxi-
mately 3. The range resolution in vacuum, for example the deep interior void space, is
75 meters and in the highly porous cavity with relative permittivity of 2 approximately 53
meters.

4.6.3 Noise

The measurement errors in the system are assumed to be mainly caused by the galactic
background noise and the radiation from the Sun. The minimum total effect of these
corresponds to approximately 20 &5 MHz since the galactic noise increases towards the
low frequencies.

The noise in the system are contained by the term n in the equation 2.23, and it is assumed
to be Gaussian noise with standard deviation of -11 dB with respect to the maximal entry
of the difference y — y(*¢) between the measured and simulated signal. Such value was
selected from the range of simulated values between -25 and 0 dB, reported in [52].

4.7 Computational framework and resources

The computational routine to simulate orbiter-to-orbiter tomography has been initially
reported in [46] and later discussed in [52] as implemented to another asteroid geometry.
This framework was recently used in a simple deep interior model of the asteroid Itokawa
[54]. The computational model has since been extended by Asst. Prof. Pursiainen to
account for polarization of the radar antenna (unpublished).
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The computationally intensive part of the simulation was run in the GPU partition of
Tampere Center for Scientific Computing (TCSC) Narvi cluster which consists of 8 GPU
nodes with 20 CPU cores, 4 GPU each, totalling 32 NVIDIA Tesla P100 16 GB GPUs.
The inversion reconstruction procedures were run on a Lenovo P910 workstation equipped
with two Intel Xeon ES 2697A 2.6 GHz 16-core processors and 128 GB RAM.

Computation of wave propagation in the forward model is highly parallelizable because
each of the points transmitting the signal is independent of others. For practical SLURM
queue management reasons the computation was parallelized to 16 processes, each com-
puting four transmitter points.
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5. RESULTS

5.1 Computation time and memory size

The creation of the system from node and tetrahedra data, including all parts of the aster-
oid geometry, orbiter points and interpolation of the finite element mesh required approx-
imately 11 GB of memory space and 6 700 seconds (approximately 1 hrs 52 minutes).
Out of this, the actual system creation took 652 seconds (approximately 10 minutes) and
creating the spatial interpolation matrix accounted for the rest of the computational time.

The minimum computation time of one transmitted signal was 11400 seconds (approx-
imately 3 hrs 10 minutes). The system size was approximately 4.8 GB. Because the
forward simulation was parallelized into 16 processes, the total computation time of the
entire simulation, 64 transmitter points, took a minimum of 45400 seconds (approxi-
mately 12 hrs 37 minutes). Not all nodes performed equally well, so a typical expected
computation time for the entire forward simulation was approximately 13.5 hours.

5.2 Signal at the antenna

The full-wave computed radar tomography simulation was run to the six different model
structures including void space, highly porous deep interior, dielectrically very dense
block, and two types of cracks inside the asteroid, in addition to the background model
lacking these details. The forward simulation yields data on the signal voltage at the
antenna.

The data for each of the model structures is shown in the Figure 5.1. The Figure 5.1(a)
shows the received signal at the antenna across the whole computational domain. The
first echoes at time interval [0,0.1] is caused by the spherical outer surface of the domain
Q, depicted in the Figure 2.3 and is exactly the same for the background and the detailed
model. The first large peak and trough where the signals differ, at time point approx-
imately 0.3, originates from the surface of the asteroid. In the background model (red
line), the permittivity of the asteroid interior is constant €. = 4 across the whole asteroid
interior and hence a more distinct echo is recorded in comparison to each the detailed
model (blue line) which includes a surface layer which permittivity is smaller (g, = 3).
Hence the strength of signal is lower. The time interval approximately [0.35,0.5] shows
signal propagation within the asteroid. The signal at time point approximately 0.5 is from
the other side of the asteroid surface layer. Any signal after that comes from the remain-
ing part of the model (surface of €2, and beyond) and is not interesting. The figures from
5.1(b) to 5.1(f) depict the signal at the antenna of each of the models and shows how the
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(a) A representative signal across the whole compu- (b) Void in the deep interior.
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(c) Cavity with highly porous material. (d) High-permittivity boulder within the deep inte-
rior.
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(e) Deep crack. (f) Shallow crack.

Figure 5.1. Typical antenna signals from a single point source showing how the details
of the model (blue) produce different echoes in comparison to the background (red). The
background echo is the same in each of the figures. The blue echo originates from the
model details. The first detectable differences between the background and the detailed
model at approximately T = 0.3 are in the large peaks which corresponds to the signal
echoes at the surface of the asteroid. The echoes originating from structural details can
be seen at approximately T = 0.4.
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structural details can be detected in the raw signal computed at one transmitter-receiver
point. The x-axes of these figures are limited to include only the part of the signal involv-
ing the asteroid. The magenta dashed lines in the Figure 5.1(a) indicate the time interval
which has been included in the Figures from 5.1(b) to 5.1(f), to emphasize the signal
travelling within the asteroid.

The differences in the curves shown in the Figures 5.1(b) to 5.1(f) are due to the dif-
ferences in how the signal propagates through the asteroid. Especially interesting is to
compare the amplitudes of the signals for the void, the cavity with highly porous mate-
rial, and the dense boulder. The geometrical models of these are identical, but the signal
curves show firstly differences in the amplitudes and, in the case of the boulder, also
the shape of the received signal. This is to be expected because electromagnetic waves
respond to changes in dielectric properties.

When looking at the deep crack and the shallow crack figures (Figures 5.1(e) and 5.1(f),
respectively), the differences are minor, but discernible. The shallow crack produces a
slightly different echo at time point approximately 0.4. In the deep crack model such
detail is not visible, and therefore it is not seen in the signal either.

Each of the model system signals were further analysed by solving the inverse problem
to obtain the electrical permittivity values inside the asteroid, and to evaluate the per-
formance of the DISCUS radar with a realistic asteroid geometry and realistic interior
structure. The inversion computation was run with regularization parameters of o« = 0.01
and B = {0.005,0.0075} depending on the model. Such parameters produced a workable
range of values corresponding to the original model permittivity range. An example of
the asteroid permittivity distribution after inversion is shown in the Figure 5.2(c) which
demonstrates that the surface layer and the single deep void anomaly can be detected by
the radar. It also shows how the simulation produces a radargram similar to the realistic
radar measurements (Figure 2.2).

5.3 Void detection

The first investigated interior model is the single, small ellipsoidal void in the body of
the asteroid. The exact 3D reference model is shown in the Figure 5.2(a). Looking at
the Figures 5.2(b) and 5.2(c) it is evident that such a void space can be recovered by
the DISCUS radar simulated in this work. The detection power of the radar is the better
in the direction closer to the surface of the asteroid. This is also an expected result, as
clear detection of the eastern side of the void would require wave propagation through the
asteroid for a long distance. The realistic inhomogeneous structure of the asteroid most
likely scatters the waves so that should it reach the interface of the void in the eastern
direction, the power of the signal is lost in the background noise.
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(a) The exact model.

(c) Reconstruction after inversion showing also the surface layer in addition to the
detection of the void.

Figure 5.2. A small deep interior void can be detected by full-wave computed radio to-
mography. The reconstruction in (c) shows a reconstruction which corresponds to a very
realistic radargram. The surface layer and the deep internal void can be detected.

5.4 Detection of a cavity of highly porous material

The Figure 5.3 shows that the DISCUS radar can also detect highly porous materials with
electrical permittivity quite close to that of the surroundings. The Figure 5.3(b) shows
that such formation of material can be detected, just like a void space of similar size
and position inside the asteroid. The detection of a structure which is less distinct in
comparison to the surroundings is not as clear as the detection shown in the case of the
void space, but the location of an anomaly is evident in the Figures 5.3(b) and 5.3(c).

5.5 Boulder detection

In this work, the boulder model refers to any electrically high permittivity structure inside
the asteroid interior. The structure could be wet concrete type of material or metallic en-
richment inside an asteroid. The Figure 5.4 shows that also the high-permittivity structure
can be detected. Similar to the low permittivity structures, also here the best detection is
obtained of the face closest towards the surface. The deep interior side of the structure
remains undetermined.
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(a) The exact model.
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(c) Reconstruction after inversion showing also the surface layer. The highly porous
cavity can be seen as enclosed by a higher permittivity layer (yellow).

Figure 5.3. A cavity of highly porous material can be detected.
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(a) The exact model. (b) The detected high-permittivity structure, boul-
der.
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(c) Reconstruction after inversion showing also the surface layer. The high permittivity
shape is clearly visible.

Figure 5.4. A block or boulder of very high relative permittivity value can be detected
inside the asteroid.
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5.6 Crack detection

Detection of a crack deep within the asteroid is challenging. The Figure 5.5 shows how
an echo is recovered from the deep center of the asteroid, but the shape of the crack and
the full extent of it goes uncovered. The Figure 5.5(b) shows how a signal can be obtained
from the deep center, but it may be due to the separate arm of the crack shown in the exact
model reference (Figure 5.5(a)), and not the crack dissecting the asteroid in the middle.

It is possible that a crack of this size is not large (wide) enough to produce a detectable
echo, especially because the crack is deep inside the asteroid and the wave attenuates
already before reaching the crack interface. From this simulation it appears to be clear
that the crack cannot be detected from the north or the south due to its small diameter.
Also, there are apertures around the north and south of the asteroid (Figure 4.2) and
therefore a crack oriented like this may not be detected from these directions.
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(c) Reconstruction after inversion showing also the surface layer in addition to the
detection of the crack.

Figure 5.5. A deep crack running across the asteroid in north-south direction is hardly
detectable by this methodology.

In the shallow crack model the crack is positioned in the interface of the surface layer
and the deep interior. In this case, a clear echo is detected and it is possible to deduce
that the anomaly has a complicated shape based on the echo (Figure 5.5(b)). Although
the exact shape and especially the tips of the crack cannot be accurately detected, a good
approximation of the crack can be obtained. The areas close to the surface of the asteroid
are visible and the 3D reconstruction suggests that the echo originates from a shape which
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is more complicated than a simple elliptic shape of uniform permittivity. The crack is also
visible in the electrical permittivity reconstruction (Figure 5.6(c))
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(a) The exact model.

(c) Reconstruction after inversion showing also the surface layer in addition to the
detection of the crack.

Figure 5.6. A shallow crack with two arms and complicated shape can be detected.

5.7 Comparison of bistatic to monostatic measurement

The DISCUS radar concept includes a bistatic radar in which one out of the two satellites
acts as a transmitter and a receiver, and the other is a receiver only. With such a setup,
the measurements can also be carried out as monostatic, i.e. one satellite transmits and
receives the signal, and the satellite which acts only as a receiver is ignored. The mono-
static radar set-up was investigated by comparing the reconstructions of the deep interior
void from the bistatic measurement reported in section 5.3, to the computed monostatic
reconstruction (Figure 5.7). The reconstruction of the monostatic measurement is shown
is in the Figure 5.7(b)

The results show that both radar set-ups provide clear detection of the void. The bistatic
measurement appears to show slightly more prominent shape of the anomaly, but this may
not be significant in practical applications. The significance of using a bistatic approach
in radar tomography is to provide statistical robustness to the measurements.
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(a) Bistatic measurement of deep interior void. (b) Monostatic measurement of the deep interior
void.

Figure 5.7. Comparison of bistatic and monostatic measurement configuration on the
reconstruction of deep interior void. The bistatic set-up provides slightly better recon-
struction.
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6. DISCUSSION

The aim of this thesis was to study full-wave radar tomography in a realistic rubble-
pile asteroid models and especially to investigate the detection power of simulated deep
interior structures in a realistic asteroid. The surface model of the asteroid Itokawa was
chosen because it is one of the few asteroids for which there is an abundance of actual
real data on its surface and bulk properties [11, 16, 31, 41, 42, 55], and a high-resolution
surface model available [5]. The structural models simulated in this thesis were done by
combining the data from these sources and extensive investigations [33, 34, 36] to the
physical properties of small solar system bodies and how electromagnetic waves behave
in such media.

In 2003, Aspaugh et al. proposed a deep interior mission concept to a near-Earth asteroid
and conducting radar tomography to detemine the deep interior structures [14]. Since
then, the deep interior of a comet 67P/Churyumov-Gerasimenko was studied by a radar
in the CONCERT study, a part of European Space Agency’s Rosetta mission, and reported
that the average permittivity of the comet is approximately 1.26, suggesting a volumetric
dust/ice ratio of 0.4 to 2.6 and a porosity of 75 to 85 % [36]. This thesis is a part of the
DISCUS concept [15], a proposal to send a bistatic CubeSat to study the deep interior of
a rubble-pile asteroid.

To create a realistic deep interior model of the Itokawa model, the dielectric properties
of the asteroid were modelled by Gaussian random fields, a well-established method to
modelling random spatial structures in geostatistics and earth sciences [25, 26, 38]. They
are also used to generate random 3D porous structures [47] and modelling concrete [18]
in civil engineering applications.

The deep interior anomalies were added to the Gaussian random field model and the
full-wave computed radar tomography simulation was run on five different systems to
determine the detection power of the DISCUS radar. Special interest was taken to model
macroporosity with void cavity and a cavity with highly porous material, as evidence
from the Hayabusa mission suggests that the macroporosity of asteroid Itokawa is up to
41 percent [31]. Confirming these measurements with direct radar observations would be
very interesting. The full-wave simulation results in this work show that macropores can
be detected by radar tomography.

The results in this thesis show that the deep interior anomaly detection is the best in the
direction where the most area of the anomaly is. The largest faces of the anomalous
ellipsoidal voids and cavities towards the surface of the asteroid are clearly detectable,
as is the shallow crack at the interface of the deep interior and the surface layer of the
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asteroid. A crack in the deep interior cannot be detected as clearly, although a mild echo
suggesting an anomaly can be reconstructed. The exact shapes of the cracks, or especially
the tips of the cracks cannot be accurately reconstructed, neither the narrow heads of the
ellipsoids or the faces of the ellipsoids which are towards the deep interior of the asteroid.
These are explained by the fact that electromagnetic waves attenuate and scatter as they
travel within the asteroid and therefore echoes from such parts are not easily detectable
and signals may be obstructed by noise.

The results show that the exact permittivity distribution of the complete asteroid model,
especially of the deep interior, cannot be reconstructed, but that the anomalies can be
detected and their relative permittivities estimated. The higher the difference between the
Gaussian random field background and the anomaly, the better the detection was. The
clearly defined ellipsoidal anomalies were detected the best, however, the results for the
simulated shallow crack showed very clearly that it is possible to detect even complicated
void structures near the surface of the asteroid. The quality of reconstruction and exact
permittivity values were dependent on the the regularization parameters of the inversion.
It was also shown that the inverse reconstructions of the models exhibited similar wave-
front properties as radargrams of actual radar measurement data.

The DISCUS concept includes a bistatic radar configuration in which one of the satellites
acts as a transmitter and receiver and the other as a receiver only. Using two satellite
configuration provides statistical robustness to the measurements, but sufficient and clear
detection of interior structures can be carried out with a monostatic, a single-satellite,
radar system as well, as was shown in the results. The detection of the deep interior void
was clear with monostatic and bistatic measurements, the bistatic one being slightly more
pronounced.

The earlier publications [46, 52] on this methodology included 2D and 3D models of
simpler structures than the asteroid model developed in this thesis. The earlier work, in
which the interior permittivity of the asteroid was constant and the investigated asteroid
geometries were smoother and more spherical in shape, provided very clear reconstruc-
tions of deep interior voids. The results presented in this thesis show that in a realistic
case the detection will not be as exact and that the detection is dependent on the dielectric
properties of the asteroid body and the geometry of the asteroid, as the structures closer
to the surface are detected more clearly than those which require the waves to travel long
distances inside the asteroid.

The computational framework developed in this thesis includes a simple pipeline for sim-
ulating realistic asteroid interiors based on a finite element mesh structural model. It was
also shown in this thesis that full-wave (full-bandwidth) data can be computed and in-
verted for the realistic rubble-pile asteroid using a high-end computing cluster equipped
with state-of-the-art GPUs, in a reasonable time within one day by parallelizing the com-
putation.
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Further development of the computational model in the future is to extend the analysis
of the received signal to the envelope of the received wave. The analysis in this work
involved only the reception of the the modulated signal across the whole bandwidth.
By combining the data from the modulated signal and the envelope, the accuracy of the
method can be further improved.

Other future work on this topic is to extend the simulation methodology to include a
satellite fly-by model in which the measurement points are not from an orbiter but rather
a satellite passing by an asteroid at a distance. This would be advantageous in deep space
missions where satellites could map the deep interior of the bodies they pass by while
travelling to the target solar system body.

The source code used in this thesis will be later prepared for publication and distribution
as an open-source pipeline for radar tomography simulations. The same approach can
also be used in other fields, for example biomedical applications, where tomography is
used to map the deep interior of bodies.
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