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Abstract

The Radio Science technique enables to estimate the mass and otpeavitational
parameters of a solar system body from spacecraft observasovery precisely. It uses
the radio link between ground station and spacecraft. The freqoey shift of the radio
signal is proportional to the relative velocity change between specraft and ground
station. If a spacecraft performs a close yby at a solar systemoly, the velocity
of the spacecraft is changed by the gravitational attraction ofrte body. If all other
contributions on the radio signal are known, the remaining frequeg change is solely
due to the gravitational attraction. A least square t can be perbrmed on the frequency
residuals to derive from it gravitational parameters.

Within this thesis models were developed and merged into a softwaragiage with
which it is possible to determine the orbit of a spacecraft precisely @rnto predict
accurately the frequency to be observed at a ground station. Mels for extracting the
frequency shift caused by the propagation of the radio signal thugh the ionosphere and
troposphere of the Earth were incorporated. The accuracy ofi¢ predicted frequency,
i.e. the di erence between measurement and predict, is in the samader as the total
Doppler velocity error in X-band from the thermal noise of the grood station and the
transponder phase noise.

Filtering techniques were established improving the signal to noiseti@at least by a
factor of three. A numerical stable least square tting procedw was introduced to t
the frequency change due to the gravitational attraction of a iy onto the measured
frequency residuals.

Measurements from the close yby of the Rosetta spacecraft #ie asteroid Steins
were analyzed with the developed method. Due to the large yby dighce no mass
estimate was possible. A feasibility study was carried out for the upming yby of
Rosetta in July 2010 at the asteroid Lutetia. It is possible to estima& from this yby
the mass of Lutetia with an error of 1 %.

Moreover, the developed method was applied to measurements lo¢ tMars Express
Radio Science Experiment (MaRS) onboard Mars Express (MEX) fnotwo close ybys
at the Mars moon Phobos in March 2006 and July 2008. The mass of dklos was
estimated from these ybys. The solution provides the most accate value currently
available for the mass of Phobos from close ybys. Information albibthe interior were
derived from the precise mass estimate. Phobos has a high porosiyich is discussed
with respect to its origin. It seems to be unlikely that Phobos is a capted asteroid
as suggested from rst spectral measurements. It seems to imere likely that Phobos
is the remnant of the collision between a body originating from the atoid belt and a
body remaining from the formation process of Mars.

Mars Express will perform another yby in March 2010 with a closestlistance of
62 km. A feasibility study was performed from which it was derived thahe C,. o term
of the gravity eld of Phobos can be estimated with an error of 1 % wit the developed
method.



Kurzzusammenfassung

Das Radio Science Verfahren ermeglicht aus Raumsondenmessmgie sehr genaue
Bestimmung der Gravitationsparameter von Kerpern des Sonnegstems. Dazu wird
das Radio Signal zwischen Raumsonde und Bodenstation verwend®ie Frequenz-
anderung des Radio Signals ist proportional zur relativen Geschvdigkeitsanderung
zwischen Raumsonde und Bodenstation. Fliegt eine Raumsonde nalmeeinem Kerper
vorbei, so wird ihre Geschwindigkeit durch das Schwerefeld veragrd. Sind alle Einu e
bezaglich der Frequenz des Radio Signals au er dem Schwerefeld #@rpers bekannt,
so ist die verbleibende Frequenzanderung allein auf das Schweldfeurackzufahren.
Mit einer Least Square Anpassung kennen die Gravitationsparartex bestimmt werden.

In dieser Arbeit wurden Modelle entworfen und innerhalb eines Sofane-Pakets
zusammengefasst, mit dem der Orbit einer Raumsonde und die Frega, die an der
Bodenstation zu erwarten ware, sehr genau vorhergesagt wen kann. Au erdem wur-
den Modelle verwendet, um die Frequenzanderungen, die entséely wenn das Sig-
nal die Erdatmosphare durchiauft, aus den Messdaten zu emtifnen. Die Genauigkeit
der Frequenzvorhersage, die in der Arbeit erreicht wurde, liegt bai im Bereich des
Doppler-Geschwindigkeitsfehlers im X-Band auf Grund des thermisen Rauschens der
Bodenstation und dem Transponderphasenrauschens des RadieSce Verfahrens.

Das Signal-zu-Rausch-Verhaltnis der Messung wurde durch vehngedene Filtertech-
niken mindestens um den Faktor 3 verbessert. Ein numerisch stalsil&erfahren zur
Least Square Anpassung wurde verwendet, um die modellierte Foegzanderung auf
Grund des Schwerefeldes an die gemessene Frequenzanderumzg@assen.

Die Messungen des nahen Vorbei ugs von Rosetta am Asteroidere®is wurde mit
der entwickelten Methode analysiert. Auf Grund der gro en Vorbieugs-Entfernung war
keine Massenbestimmung meglich. Es wurde eine Machbarkeitssieidiar den Vorbei ug
von Rosetta im Juni 2010 am Asteroiden Lutetia durchgefahrt. B ist meglich mit der
entwickelten Methode die Masse von Lutetia auf 1 % genau zu bestiram

Die in dieser Arbeit entwickelte Methode wurde bei Messungen des MaExpress
Radio Science Experiments auf Mars Express zweier naher Vorhegje am Marsmond
Phobos angewandt. Die Masse von Phobos wurde aus den Messorigsr Vorbeiudge
mit einer Genauigkeit bestimmt, die bis jetzt bei nahen Vorbeiwgemoch nicht erreicht
wurde. Mit der Massenbestimmung konnten weitere Informationesber den inneren
Aufbau von Phobos abgeleitet werden. Die dabei bestimmte hoherBsi@at von Pho-
bos wurde im Zusammenhang mit seiner Herkunft diskutiert. Es ist wvahrscheinlich,
dass Phobos ein eingefangener Asteroid ist, wie es auf Grund destem spektralen
Messungen vorgeschlagen wurde. Meglicherweise ist Phobos Biberrest eines Zusam-
mensto es zwischen einem Kerper, der aus dem Asteroiden-Gal stammt, und eines
Kerpers, der bei der Entstehung des Mars gebildet wurde.

Mars Express wird im Marz 2010 in einer Entfernung von 62 km an Plh@s vorbei-
iegen. Es wurde eine Machbarkeitsstudie far den Vorbei ug durbgefahrt. Daraus
folgt, dass mithilfe der entwickelten Methode der &€, Term des Schwerefeldes von
Phobos mit einer Genauigkeit von 1 % bestimmt werden kann.
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CHAPTER 1

Introduction, Motivation and Goal

The Mars Express (MEX) spacecraft was successfully launched @nJune 2003 and
injected into orbit around Mars on 25 December 2003. It was manered into a highly
elliptical capture orbit from which transited into its operational nea polar orbit later in
January 2004. The elliptical polar orbit (radius of periapsis, = 250, radius of apoapsis
ro = 10142 km, inclinationi = 86.35 , period T =6.75 h) of Mars Express allows close
ybys at the Mars moon Phobos which have been the rst close ybg since Viking and
Phobos 2 twenty years ago. Phobos is a scienti cally very interesgnbody. Di erent
scenarios for its origin exist but none of them explains its origin entike

This PhD-thesis was motivated by the opportunity of having close ys at Phobos
from which new scienti ¢ results of Phobos can be achieved. The MaExpress Radio
Science Experiment (MaRS) Patzold et al. [2004]) obtains tracking data from these
ybys. The Radio Science experiment technique enables the precesstimation of the
mass and additional gravitational parameters of Phobos. It uselse radio link between
ground station and spacecraft. The tracking data contain the &guency of the radio
signal observed at the ground station. The observed frequentsyproportional to the
relative velocity between the spacecraft and the ground station.

The Radio Science measurement principle is based on the detectioraathange in
frequency of the radio signal. This frequency shift can be causeg the propagation of
the radio wave through a medium and/or the change of the relativeslocity between the
spacecraft and the ground station by an unknown force like the gyitational attraction
of a perturbing body (Hausler [2002]). For close ybys the latter frequency shift is used
for estimating the gravitational parameter of a perturbing body fom the trajectory of
a spacecratft.



2 Introduction, Motivation and Goal

The orbit of MEX around Mars is perturbed by the gravitational attraction of the co-
orbiting moon Phobos. The orbit perturbations caused by the gratational attraction
of Phobos on the spacecraft can be measured by:

long-term observation of the spacecraft orbit at large distancdsom that moon,
or by

short-term observation of the changes in the spacecraft velocduring close ybys.

Each yby has its own characteristics. The shape of the Doppler dguency shift
curve caused by the gravitational attraction of Phobos on the sgecraft depends on
the relative yby velocity, the angle between the Line of Sight (LOS)and the velocity
vector of the spacecraft, the closest distance, and the masstbé perturbing body
(Patzold et al. [2001]). In this thesis the analysis of close ybys is focused on tting
gravitational parameters to the individual shape of the frequeryccurve instead of using
large datasets as for long-term observations (s&enopliv et al. [2006],Rosenblatt et al.
[2008]) for computing the mass of the perturbing body. The shapd the curve is
obtained from the recorded frequency if all other e ects excedbr the gravitational
attraction of the perturbing body are known. Based on this knowlige a predicted
frequency is computed and subtracted from the recorded data.

The goal of this thesis is to develop a software tool which allows onglone hand
the precise orbit computation from which the predicted frequencgan be determined.
On the other hand, obtaining gravitational parameters from the reasured frequency
residuals from short-term observations after calibration and Iteng by tting the pre-
dicted frequency shift of the perturbing body on the measured dquency residuals.
From the estimated gravitational parameters, additional inform#on about the interior
of the perturbing body can be derived. Figure 1.1 summarizes theeps needed to be
performed for this goal.

The rst part contains the precise estimate of the predicted fregency expected to be
received at the ground station. This includes appropriate time andoordinate systems
for Radio Science experiments de ned in section 2.1. A method forldag the equation
of motion is described in section 2.2.

A spacecraft orbiting a central body can be perturbed by many foes. These forces
have to be taken into account for a precise orbit determination whicis one of the
most essential parts in order to extract gravitational paramets from Radio Science
data. The gravitational and non-gravitational forces acting on aspacecraft are de-
scribed in section 2.3 and 2.4, respectively. This includes the accetena caused by a
non-spherical shaped body with nonuniform density distribution fowhich a novel re-
cursion algorithm for normalized gravity coe cients is developed baxl on an algorithm
from Cunningham[1970]. The gravitational attractions from third or more bodies are
also de ned. Detailed models for the solar radiation pressure depkng on the opti-
cal parameter of the spacecraft and the direction of the normaif each plane of the
spacecraft to the Sun and other perturbing forces are speci ed detail.
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4 Introduction, Motivation and Goal

The method in this thesis was primarily developed to analyze ybys atte Mars moon
Phobos. The Rosetta spacecraft has performed on its way to tbemet 67P/Churyumov-
Gerasimenko one yby at the asteroid 2867 Steins in 2008 and will ferm another
yby at the asteroid 21 Lutetia in 2010. Therefore, the method oénalyzing close ybys
was extended to the ybys of Rosetta.

Force models appropriate for Mars Express and Rosetta are delsed. Their accuracy
is estimated by comparing the state vector from the orbit integrabn with the state
vector from precise orbit determination of other investigators.

Based on the precise orbit determination the predicted frequenayhich is expected
to be received at the ground station is computed from the relativigt Doppler e ect.
This requires the knowledge of the very accurate position at centeter level of the
transmitting and receiving ground station, i.e. site displacement eds like tectonic
plate motion must be taken into account. Numerical methods for nueling this e ects
and the relativistic Doppler e ect are presented in section 2.6.

The radio signal transmitted from the ground station to the spaagaft and the way
back passes the troposphere and ionosphere of the Earth. Theguency of the signal is
changed due to the propagation through these media. Numericakthods for predicting
and removing this e ect from the recorded data are described in&en 2.7.

After applying all corrections, the frequency shift caused by th@ravitational at-
traction of the perturbing body is obtained from the recorded dat by subtracting the
predicted frequency (all forces are included except the gravitahal attraction of the
perturbing body) from the recorded frequency.

In section 2.8 a numerical stable formalism for tting the gravitatioral parameter
of the body onto the frequency residuals is described. The errof the estimated
gravitational parameter is reduced by applying appropriate Iter £chniques (see section
2.9). Observations from MaRS at which no perturbing body is includedere used in
section 3 to estimate the accuracy of the predicted frequencypected to be received
at the ground station. Moreover, the tting procedure for closeyby observations is
de ned in this section. The current knowledge of the physical pragties of the Mars
moon Phobos, the asteroids Steins and Lutetia is brie y summarizad section 4.

The mass estimate results from the MEX ybys at the Martian moon Bobos in
March 2006 and July 2008 are given in section 5. From this estimatesnclusions
about the interior are drawn and interpretations with respect to is origin are drawn.
Furthermore, the results of a feasibility study for an upcoming yly in March 2010 of
MEX at Phobos at a distance of 62 km are shown. The results fromehyby of ROS
at Steins in September 2008 and a feasibility study for the future gy at Lutetia in
July 2010 are presented in section 5. Finally, section 6 summaries agidcusses the
results of this thesis.



1.1 Analyzing flybys from Radio Science data 5

1.1 Analyzing ybys from Radio Science data

Radio Science techniques are applied to the study of planetary andneetary atmo-

spheres, planetary rings and surfaces, gravity and the solar oaa. The radio carrier
links of the spacecraft Telemetry, Tracking and Command subsysn between the Or-
biter and Earth are used for Radio Science observations. Simultanes and coherent
dual-frequency downlinks at X-band (8.4 GHz) and S-band (2.3 GHa)ia the High

Gain Antenna permits separation of contributions from the classit®oppler shift and

the dispersive media e ects caused by the motion of the spaced¢raith respect to the

Earth and the propagation of the signals through the dispersive rd&, respectively.

The investigation relies on the observation of the phase, amplitudpplarization and
propagation times of radio signals transmitted from the spacectafnd received with
antennas on Earth. The radio signals are a ected by the medium tbugh which they
propagate (atmospheres, ionospheres, interplanetary mediureglar corona), by the
gravitational in uence of the planet or moon on the spacecraft ah nally, by the per-
formances of the various systems aboard the spacecraft and Barth. Radio Science
investigations fall into three broad categories: propagation of éhradio signal through
the ionosphere and neutral atmosphere of the occulted planetc@ultation measure-
ments), oblique incidence scattering investigations using propagat paths between
spacecraft, planetary surface and a ground station on Earth igiatic radar measure-
ments), and gravity measurementsRatzold et al. [2004],Hausler [2002]).

In this thesis only gravity observations are used which are usually germed in the
two way mode (Fig. 1.2), i.e. a ground station is transmitting a radio sigal (uplink) at
X-band which is received by the spacecraft, converted by the specraft's transponder
to downlink transmission frequency at S-band and X-band, and selmack to the ground
station (Patzold et al. [2004]).

One-way radio link

S.band dnmfn"nk "
E “ -
e e — X band dﬂw link

no telemetry modulation on both downlinks

Two-way radio link
Hydrogen-hMaser

X-band uplink, telecommanding
: S-band downlink

X-band downlink )
-  No telemetry modultion on both downlinks

Figure 1.2: One-way and two-way radio link con guration (Source: Patzold et al. [2004]).
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If the radio path is well clear of occulting material and a spacecrafs approaching a
solar system body the gravitational attraction of the body is chaging the velocity and
trajectory of the spacecraft. When neglecting relativistic e e, the change in velocity
is detected in the transmitted radio signal from a frequency shiftatised by the classical
Doppler e ect. This frequency shift can be expressed by

Here, r is the velocity change of the spacecraft projected into the Line &ight
(LOS), c the speed of light, f the frequency shift andf the transmitted frequency
(Patzold et al. [2001]).

If a spacecraft performs a close yby at a solar system body, theelocity of the
spacecraft is changed by the gravitational attraction of the bod If all other contri-
butions on the radio signal are known the remaining frequency chga is solely due
to the gravitational attraction. This frequency shift allows to gaininformation about
the gravitational parameter of the perturbing body. The amplituce and shape of this
frequency shift curve depends on di erent parameters:

the mass of the perturbing body (the change in velocity increasestiwthe mass
of the body for a given distance),

the distance between the spacecraft and the perturbing bodyh@g change in ve-
locity increases with closer distance for a given mass, obviously),

the relative yby velocity between spacecraft and body (small relare velocities
causing larger velocity changes than larger relative velocities, seigite 1.3), and

the angle between the LOS, i.e. the direction of the line connecting the space-
craft at transmitting time and the ground station at receiving time (in the down-
link case), and the direction of the velocity of the spacecraft relae to the per-
turbing body.

The velocity change caused by the gravitational attraction of the@erturbing body is
separated into two componenty, and v, , along the direction of motion of the space-
craft and perpendicular to it (Patzold et al. [2001]), respectively. The two components
are projected into the LOS by

Vios = Vo SIiN( )+ vicos() : (1.2)

The shape of the resulting frequency change in the recorded ddtam a close yby
contains not only the information on the gravitational parameter b the perturbing
body, but depends also on the characteristics of the yby. The genetry of the yby
determines these characteristics, i.e. the yby velocity (Fig. 1.3}the distance between
the spacecraft and the perturbing body, and the angle betweerOS and direction of
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motion (Fig. 1.4(a) and 1.4(b)). The geometry is well known for evgr yby. The un-
known parameter are the gravitational parameter of the pertuning body. If a predicted
frequency is subtracted from the observed data in that way tha curve as shown in Fig-
ure 1.4(a) and 1.4(b) remains, this curve can be used to extractayitational parameter
from it by a least square t. Thus it is possible to estimate from shorterm observa-
tions including the explicit shape of the frequency shift the gravitabnal parameter of
the perturbing body.

25 —— 18kmis
—— 15km/s //
—— 12 km/s
9 km/s
20 — 6kmis
_ —— 3kmis /
4
£
£15
[¢]
g —
<
210
>
o
(0]
> / /
° / //
0 et /
-1000 -750 -500 -250 0 250 500 750 1000
Time relative to closest approach [s]
Figure 1.3: Comparison of the resulting velocity change at di erent yby velocities with

constant mass and yby distance. The velocity is not projecté into the Line of Sight (LOS).
The resulting velocity change increases with decreasing eglve velocity between spacecraft and
ground station.

A method is developed in this thesis which focuses on the shape of tlesulting
frequency changes, i.e. the gravitational parameter are the vables which are t to the
frequency change. Itis assumed that the frequency change iteodue to the attraction
of the perturbing body. This requires a very precise prediction andssessment of all
other forces acting on the spacecraft (see section 3). For MdEgpress and Rosetta
the total Doppler velocity error caused by thermal noise at the gund station and
transponder phase noise is 0.26 mm/s at X-bandPdtzold et al. [2004]). Therefore, the
precision of the predicted frequency change should be in the ordagrthe total Doppler
velocity for a precise estimate of the gravitational parameters oie perturbing body.
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between the Line of Sight (LOS) and the direction of motion of te spacecraft with the same
body mass, yby distance and relative yby velocity.
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1.2 Missions

1.2.1 Mars Express

The Mars Express spacecraft (Fig. 1.5) was launched on a Soyu#gat, built by
Starsem, the European/Russian launcher consortium on 2 June @ with a launch
mass of 1120 kg (including 113 kg orbiter payload and 60 kg lander)cdaarrived in
December 2003 Mars. The scienti ¢ payload consists of the High Réadion Stereo
Camera (HRSC), the Energetic Neutral Atoms Analyzer (ASPERA) the Planetary
Fourier Spectrometer (PFS), the Visible and Infrared MineralogidaMapping Spec-
trometer (OMEGA), the Sub-Surface Sounding Radar Altimeter (M\RSIS), the Ultra-
violet and Infrared Atmospheric Spectrometer (SPICAM) and theMars Express Radio
Science Experiment (MaRS) ESA [200%]).

Figure 1.5: Artist view of the Mars Express spacecraft in front of Mars (urce ESA
[2009a])).
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The Mars Express Orbiter will:

image the entire surface at high resolution (10 meters/pixel) and Ieeted areas
at super resolution (2 meters/pixel);

produce a map of the mineral composition of the surface at 100 raetesolution;
map the composition of the atmosphere and determine its global ailation;
determine the structure of the sub-surface to a depth of a fewl&meters;
determine the e ect of the atmosphere on the surface;

determine the interaction of the atmosphere with the solar wind.

Detailed information about the MEX mission are given byChicarro et al. [2004] and
ESA [2009].

The Mars Express Radio Science Experiment (MaRS) will use the radstgnals that
convey data and instructions between the spacecraft and Eartio probe the planet's
ionosphere, atmosphere, surface and even the interior. Infaation on the interior will
be gleaned from the planet's gravity eld, which will be calculated fronthanges in the
velocity of the spacecraft relative to Earth. Surface roughnessill be deduced from
the way in which the radio waves are re ected from the Martian sudce (atzold et al.
[2004]).
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1.2.2 Rosetta

The Rosetta spacecraft (Fig. 1.6) was launched on 2 March 2004 by Ariane-5G
rocket from Kourou, French Guiana. After burn-out of the lowerstage, the spacecraft
and upper stage remained in Earth parking orbit (4000 200 kilometers) for about
two hours. Ariane's upper stage then ignited to boost Rosetta intds interplanetary
trajectory, before separating from the spacecraft6SA [2009)).

After a ten-year voyage, the nal target of the Rosetta missioiis comet 67P/Churyumov-
Gerasimenko. The journey contains 3 Earth swing-by manoeuvré$ March 2005, 13
November 2007, 13 November 2009), one Mars swing-by manoeuwn 25 February
2007, two Asteroid ybys at Steins (5 September 2008) and Lutiet (10 June 2010) be-
fore the Comet rendezvous manoeuvres (22 May 2014) and Landelivery (10 Novem-
ber 2014) will take place. The comet will be escorted around the Stmom November
2014 - December 2015 and end of the nominal mission will be in Decemb@15.

Figure 1.6: Artist view of the Rosetta spacecraft as it ies by asteroid $eins (source ESA
[2009D])).
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The Rosetta orbiter is equipped with eleven scienti ¢ instruments: e Ultravio-
let Imaging Spectrometer (ALICE), the Comet Nucleus Sounding (GNSERT), the
Cometary Secondary lon Mass Analyser (COSIMA), the Grain Impa Analyser and
Dust Accumulator (GIADA), the Micro-Imaging Analysis System (MIDAS), the Mi-
crowave Instrument for the Rosetta Orbiter (MIRO), the Roseta Orbiter Imaging
System (OSIRIS), the Rosetta Orbiter Spectrometer for lon ah Neutral Analysis
(ROSINA), the Rosetta Plasma Consortium (RPC), the Visible and lfrared Thermal
Imaging Spectrometer (VIRTIS) and the Radio Science Investigain (RSI).



CHAPTER 2

Theory

2.1 Time and reference frames

Analyzing data from Radio Science measurements requires a de nitiof various time
systems and reference frames which are suitable for this specigpéication. Important

is, for example, the reference time when the signal transmitted ke spacecraft is
received at the ground station.

The software package SPICENAIF [2009]) used in this thesis provides various built-
in time and reference frames and the corresponding transformais between them.
The time and reference frames used for the computations are byi@xplained in the
following.

More information about time and reference frames can be found Hausler et al.
[2003],Selle[2005],Montenbruck and Gill[2000],Dehant and Mathewg2007] andVval-
lado [2001].

2.1.1 Time

The position of the spacecraft and the receiving ground station bao be known very
precisely in di erent time systems. E.g. the position of a planet is badeon the
Ephemeris Time (ET) and the data recorded at the ground stationra referenced to
the Coordinated Universal Time (UTC). There are four time scalessidereal time, solar
(universal time), dynamical time, and atomic time. Sidereal time andolar time are
based on the rotation of the Earth and are related together by nlldematical transfor-
mations. Atomic and Dynamical time are not depending on other timecsles.
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Universal times UT and UT1 are sub timescales of the mean solar timeT, Terres-
trial Time (TT), Barycentric Dynamic Time (TDB), Terrestrial Dyna mic Time (TDT),
Barycentric Coordinate Time (TCB) and Geocentric Coordinate Time(TCG) of the
dynamical time, and International Atomic Time (TAI) and Global Positioning System
Time (GPS) of the atomic time (see Figure 2.1). In this thesis UTC and Eis used.

I 0
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Figure 2.1: Di erence between Barycentric Coordinate Time (TCB), Barycent ric Dy-

namic Time (TDB), Geocentric Coordinate Time (TCG), Terrestrial Ti me (TT) or former
Terrestrial Dynamic Time (TDT), International Atomic Time (TAI), Universal Time (UT1),
Global Positioning System Time (GPS) and Coordinated Universl Time (UTC) between 1950
and 2020. The periodic terms of TCB and TDB are magni ed by 100 to m&e them visible
(Source: Seidelmann and Fukushima [1992]).

2.1.1.1 Coordinated Universal Time

The Coordinated Universal Time (UTC) has a nonuniform time scale ahis obtained
from atomic clocks which are running at the same rate as TT or form@DT and TAI.
TT and TAI have uniform time scales based on atomic clocks which arecated at the
surface of Earth. UTC is referenced to TAI which has an uniform tim scale but due
to the introduction of leap seconds the UTC has a nonuniform time ake. This ensures
that the UTC time scale is always within 0.7 seconds of UT1. The UT1 repsents the
time scale of mean solar time with an average length of solar day of 2duns with UT1
= UT. UT1 takes into account the actual rotation of the Earth. Therefore the length
of one second of UT1 is not constant due to the apparent motion tiie Sun and the
rotation of the Earth (see gure 2.1).
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2.1.1.2 Ephemeris Time

The Ephemeris Time (ET) is the uniform time scale that is representetly the inde-
pendent variable in the di erential equations that describe the mabns of the planets,
Sun and Moon and is de ned as TDB seconds past the Greenwich noon 1 January
2000 Barycentric Dynamic Time (TDB), below referred to as thel2000 epoch. ET
can be expressed in form of TDB or TDT, but in this thesis the TDB repesentation is
used. It is de ned as the basic time system for all computations.

The di erence between the UTC and TDB representation is computefrom
trog = tutc + tieap +32:184 ]+ trpg7: (2.1)

Heret 4o are the leap seconds and trpg.r7 the di erence between TT and TDB.

2.1.2 Coordinate systems

A coordinate system is usually de ned by its origin, fundamental plas, the preferred
direction and additionally the sense, or the positive direction. Dierget coordinate
systems are used in the present thesis. Their de nition and utilizatroare below. The
names of the coordinate systems are according to the nomenclatdrom the SPICE
software package.

Geocentric Celestial Reference Fram#000 :

This frame has the Earth mean equator of the J2000 epoch, whichtie epoch of
Greenwich noon on 1 January 2000 TDB as its principal plane and has rotation

in space. The rst axis of this frame is in the direction of the vernal guinox and
the second is in the direction of the increasing obliquity. This is the fdamental

inertial coordinate system in which the equation of motion of the sgacraft is
solved.

International Terrestrial Reference FramdTRF93 :

This frame is xed to the Earth, with the center of mass being de nd for the
entire Earth, including oceans and atmosphere. It is de ned thragh coordinates
assigned to a number of sites for which the various e ects of site diacement are
taken into account. Consequently, the motion of these sites reces the rotation
of the Earth entirely. ITRF93 has the plane of the true equator as its principal
plane and its rst axis xed on the Greenwich meridian. In this frame he precise
position of the transmitting and receiving ground stations are caldated (see
section 2.6.2).

Body xed frame IAU_MARSof Mars:

This frame is xed to and does not move with respect to surface feaes of Mars,
but it does move with respect to inertial frames as Mars rotates. Re origin is
the center of mass of Mars. The principal plane is the plane of Marsguator
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as de ned by Seidelmann et al[2001]. This frame is used for computation of the
acceleration felt by a spacecraft orbiting Mars from the gravitatinal eld.

The solar array framesMEX_SA+Yand MEX_SA-Y of MEX:

The orientation of the solar panels of MEX with respect to the direabn to Sun are
needed for a precise computation of the acceleration caused bg golar radiation
pressure. This can be realized using the following solar array framafsthe left
and right solar array MEX_SA+Yand MEX_SA-Y, respectively. It is de ned such
as (see gure 2.2)

{ the origin of the frame is located at the geometric center of the yek

{ +Y is parallel to the longest side of the solar array, positively orienteddm
the yoke to the end of the wing,

{ +Z is normal to the solar array plane and the solar cells are facingz and

{ +X is de ned such that (X, Y, Z) is right handed.

MEX_SA+Y | MEX_SA-Y

+Z is into the page

+Z is into the page

Main Engine

Figure 2.2: The MEX spacecraft reference system.

The solar array framesROS_SA+Yand ROS_SA-Yof ROS:

The orientation of the solar panels of ROS can be computed using tkelar array
frames. ROS_SA+Yand ROS_SA-Yde ned similar to that of MEX (Fig. 2.2):

{ the origin of the frame is located at the geometric center of the girah

{ +Y axis is parallel to the longest side of the array and array rotation &,
and is positively oriented from the end of the wing toward the gimbal,

{ +Z axis is normal to the solar array plane, the solar cells on thez side,
and

{ +X axis is de ned such that X, Y, Z) is right handed.
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2.1.3 Transformation from celestial to terrestrial coordi nates

Orbit determination from Doppler data requires both celestial refence frames de n-
ing a Newtonian-inertial frame, in which the equation of motion can beolved and
terrestrial reference frames in which the position of a ground gtan is de ned. The
Earth Orientation Parameters (EOPS) establish a connection bewen these two frames.
The EOPs required for a precise transformation between the cdleé reference frame
and the terrestrial reference frame are provided biERS [2009] and used in form of
SPICE kernels. The necessary equations for the transformat®are incorporated into
the SPICE software package according thcCarthy and Petit [2003]. Therefore only a
short description of the above mentioned transformation is givenetow.

Variations in the orientation in space of an Earth- xed referencerme are driven by
variations in the Earth rotation, i.e., in the angular velocity vector ofEarth rotation.
The rotation of the solid Earth changes as a result of external tques, internal mass
redistributions, and the transfer of angular momentum betweerhe solid Earth and the
uid regions. This manifests in variations in direction of Earth-relatel axes in space
(precession and nutation) as well as relative to a terrestrial rafence frame (o set
of the direction of the rotation axis with the gure axis, polar motion), and also as
variation in the angular speed of rotation which translates into varitons in the Length
of Day (LOD) (see Figure 2.3). Taking into account these e ects e transformation of
a position vectorr |trr o3 in the terrestrial coordinate systemTRF93 into the celestial
coordinate systemJ2000 can be carried out via the following transformation rule

rszooo= (N () ()P (1) riTre os: (2.2)

Here, (t), N (t), (t) and P (t) are the rotation matrices describing the coordinate
changes due to precession, nutation, Earth rotation, and polaration, respectively. In
detail

Precession  (t):

The orbital plane of the Earth is perturbed from the masses of salaystem bodies,
this e ect is called the planetary precession. The axis of rotation dhe Earth is
also in uenced by the torque which acts on the equatorial wobbledm Sun and
moon. This is called the lunisolar precession.

Nutation N (t):

The orientation of the axis of rotation of the Earth is also perturbd by small
periodic perturbations that are known as nutation (see Figure 2.3) They are
caused by monthly and annual variations of the lunar and solar tougs which
have been averaged in the consideration of precession.

Earth rotation about the Celestial Ephemeris Pole (CEP) (t):

The precession and nutation mentioned above is derived using the EEwhich
di ers slightly from the instantaneous rotation axis. The rotation &out the
CEP axis itself is described by the Greenwich Mean Sidereal Time (GMypihat
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measures the angle between the mean vernal equinox and the Greieh Meridian.
The GMST can be computed from the di erence between UT1 and UTGr UT1
and TAI which is published by IERS [2009] and is the instantaneous rate of change
of UT1 in seconds, i.e. LOD with respect to a uniform time scale (UTC oFAl).

Similar the Greenwich Apparent Sidereal Time (GAST) measures theolir angle
of the true equinox. Both values dier by the nutation in right ascersion and
are related by the equation of the equinoxes. The transformatiomatrix  (t)
yields the transformation between the true-of-date coordinatsystem and a sys-
tem aligned with the Earth equator and Greenwich meridian from the @parent
sidereal time.

Polar motion P (t):

The Celestial Ephemeris Pole is not xed with respect to the surfacef the Earth
and performs a periodic motion around its mean position from which itiegtrs at
most 10 m. The polar motion is actually a superposition of mostly two oapo-
nents. Firstly the free precession with a period of about 435 daythe so called
Chandler period, and secondly an annual motion that is in uenced bgeasonal
changes of the mass distribution of the Earth caused by water ammir ows (Fig.
2.3).

Variation of the LOD
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Figure 2.3: Variations of the Earth Orientation Parameters (EOPs) (Source: Dehant

and Mathews [2007]).
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2.2 Integration of the equation of motion

The accurate computation of a satellite's orbit accounting for seva forces (see sec-
tion 2.3 and 2.4) can only be obtained by using appropriate numerical ethods. A
wide range of methods for numerical integration of ordinary di enatial equations exits.
Detailed information is given in Montenbruck and Gill [2000], Vallado [2001], Gan-
der [1985] andGuthmann [1994]. In the following the method used in this thesis is
described.

The classical Runge-Kutta method, rstly formulated from Carl Runge in 1895 and
later from Heun and Kutta improved, is probably the most widely-us@ method for
integration of ordinary di erential equations. For the computation of xj.; only the
previous computed solutionx; is needed. This is achieved for a step sizg by an
approximation with weighted means. The general Runge-Kutta famula can be written

in the form
x5

(x;h)= Qk; (2.3)
i=1
with I
Xt oo
kj =f Xx+h aj k| S j S, (24)
=1
wheref describes the equation of motion andis the stage of the method. Each method
is fully described by its coe cients &, Iy, which can be written in the following manner

c| O 0 0 0
C | Ap1 0 0 0
2 R 0 0
G | a1 as;s 1 0
bh b b

The coe cients are determined such that they satisfy the relatios

Xs X1t
h=1 G= & wth ¢=0: (2.5)

i=1 =1

The accuracy of the method depends on the step size and the catgtion time on
the number of steps to be carried out for computation. Thereferan optimal step size
h; needs to be found for accurate computations with less computati@ ort.

In order to estimate the error at every step two approximations ith the step sizeh
and g can be computed and the error according tGuthmann [1994] estimated via

oL .
L= + ; . .
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The disadvantage of this kind of step size control is the large numbef function eval-
uations. A method with stages has to evaluate the functionf ons+2s 1=3s 1
points and this can lead to an extensive computing time. In order tovaid this disad-
vantage the embedded methods can be used, which use two appr@ations x,(?l and
x @ of orderp and p+ 1, respectively. The essential feature of embedded methods is,
that both approximations are obtained by using the same stag&s, thereby decreasing
the computational cost for error estimation dramatically. As appoximation for the
solution at x.+; typically x,(i)l is used for this method Whilexi(f)1 is only used for error
estimation. The local error for step size control is

Xy Xioh

P = 1+0 hip+l . (27)
hi

These embedded methods are called Runge-Kutta-Fehlberg pair witrder p and p+1,
abbreviated RKFp(p+1) (Guthmann[1994]).

The previously presented methods are using the result of the higherder only for
error estimation whereax ,(1)1 is used as approximation ox (tj+; ). Dormand and Prince
[1981] have developed embedded methods which resolve this disathge. As before
two approximations x %, , x, are computed with methods of ordep and g, where
usually = p+ 1. The computation is now continued withx %, instead ofx ¥, which
leads to a higher accuracy. These method is nam&Kp(q) method. One of the most
popular method is the RK5(4) method with the tableau de ned in table A.5 in the

appendix (Dormand and Prince[1980]).

The local error estimation via equation (2.7) provides

1) 2)
xD x@ 71 71 71 17253 22 1
h 57600 ' 1669§<3 1920 * 339206(5 525 °° 40 ' (2.8)

This method of order 5 and stage 7 needs less computing time thameentional Runge-
Kutta methods. It is established in practice and often used in celeat mechanics. In
this thesis a numerical integration method is heeded which provideshggh accuracy at
small time steps of one secondschwingel{2001] tested di erent methods for integrating
the equation of motion of a spacecraft orbiting a comet with testingcenarios fromHull
et al. [1972] and found that theRK5(4) method provides also high accuracy by using
comparably small step sizes. As the prescribed time step in this work one second,
methods with higher order (se®ormand and Prince[1981]) would lose their advantages
of high accuracy at large step sizes due to the given small step siz@ie second.

There are more than the above mentioned methods (sk®ntenbruck and Gill[2000],
Vallado [2001],Gander[1985] andGuthmann[1994]), but implementing such a method
would go beyond the scope of the thesis. It is shown in section 2.5 thize selected and
implemented integration methodRK5(4) provides su cient accuracy and is adequate
for solving the equations of motion for Mars Express (MEX) and Resta (ROS).
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2.3 Gravitational forces acting on a spacecraft

The motion of a spacecraft is changed by the gravitational attrdion of the central
body the spacecraft is orbiting. The central body can be treateds a point mass or if
it is irregular shaped and / or has nonuniform mass distribution the deation from a
point mass has also be taken into account for a precise orbit detarmation. In addition
the gravitational attraction of other bodies needs be incorporat into the force model
if the gravitational force of these bodies are signi cant. The relant mathematical
representations and their numerical realization are summarized ihis section.

2.3.1 The two-body equation

In order to change the velocityv of body with constant massm in an inertial frame a
forceF is necessary according to Newton's second law

dv
F=m—=ma; 2.
gt a,; (2.9)

wherea is the acceleration due to the forcé& acting on the body, assuming an ideal
inertial reference framel , J, K that is xed in inertial space or has an origin moving
with constant velocity. The system of two bodies comprises the dea body and a
spacecraft with the respective masses. and msc. The bodycentricX , Y, Z -system
is displaced from the ideal inertial reference frame, J, K, but does not rotate or
accelerate with respect td , J, K (see Figure 2.4). The force acting on the spacecraft
in the bodycentric frame can be written according to Newton's law gjravitation as

Fg= Gmcmscr— : (2.10)

jrj?

Here G is the gravitational constant andr the vector from the central body to the
spacecraft. This equation is valid only if the central body and the gmecraft can be
treated as a point mass and no other force acts on the inertial $gs1. Using the
position vector of the central bodyr . and the spacecraftr sc with respect to the origin
of thel, J, K reference system a vector from the central body to the spacaft can
be expressed as

r=rsc fre (2.11)

This equation can be di erentiated without considering the derivaties of each axis
of the coordinate system due to the fact that the reference ggs is an inertial system.
The acceleration of the spacecraft relative to the center of thesitral body is then

P = Psc B (2.12)



22 Theory

I J

Figure 2.4: Geometry for two bodies in an inertial reference frame.l, J, K is assumed
to be an inertial coordinate system.X , Y, Z is displaced froml, J, K, but does not rotate
or accelerate with respect tol , J, K .

Newton's second law and his law of gravitation leads to the following evgssion for
the inertial forces:

r

Fsc = mMgcksc = Gmcmscjr? (2.13)

r

Fc = mepe= GmeMse—: (2.14)
Ir)

The di erent signs of the gravitational force on the right side of egations (2.13) and
(2.14) originate from the opposite direction of the force of the ceal body and the
force of the spacecraft. The relative acceleratiom can now be written by solving for
the individual forces and using equation (2.12).

= G(Mm.+ mgc) r_3 (2.15)
jr

Assuming that the massamsc of the spacecratft is very small compared to the mass of
the central body m. and can be neglected, then the two-body equation can be written
as

b= Gmc_r—_g: (2.16)
Ir)

This is the basic two-body equation which is an idealized approximatiomd describes
the gravitational forces acting on a satellite precisely if the centtdody can be treated
as a point mass. If the central body is orbited also by a moon like theai&h the
perturbation of the orbit by the moon has also be taken into accotn



2.3 Gravitational forces acting on a spacecraft 23

2.3.2 The n-body equation

In the case of a spacecraft orbiting a solar system body the grasfitonal attraction
of the Sun and other bodies must also be taken into account. Thépee an equation
which comprises more than one body the so called n-body equation mrided based
the two-body equation.

Assuming the same requirements as used in section 2.3.1 for the twady equation
but introducing a third body as shown in Figure 2.5. The mass of the otal body is
denoted bym,, the mass of the third body byms, the vector from the central body to
the spacecraft byr, and the vector from the central body to the third body byr 3 (see
Figure 2.5). The inertial forces on the spacecraft and the centrbody are then

r r r
Mscksc = GmMcMsc—73 Gmamgc 733 (2.17)
Ir) jrrg
s

r
Fc = mepe= Gmemgec—5 + Gmcmz—— . (2.18)
Ir)

ir 3

Fsc

The acceleration felt by the spacecraft relative to the mass centef the central body
is according to equation (2.11)
r ror r r
p= Gm.— Gm3% + GMgc——= + Gm3—33; (2.19)

jrj® jr o ra jrj® jraj

Reordering the terms and the assumption that the massisc of the spacecraft is
negligible produces

r r r r
3= Gmcf Gm3 . 3.3 + - 3.3
jrorg Ira

2.20
= (2.20)

The rst term the two-body acceleration of the spacecraft dued the central body.
The left-hand term in the bracket is called the direct e ect and repesents the accelera-
tion of the third body directly on the satellite. The right-hand term is the acceleration
of the third body on the central body and is named consequentiallyhé indirect term.
Expanding equation (2.20) to n bodies and leads to the n-body equat

X . ,
k= GmC. r.3 Gmi ; r rl.g + - rl.3
ird ironi® i

(2.21)
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central body
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Figure 2.5: Geometry of the three-body problem in an inertial referencdrame | , J, K .

2.3.3 Sphere of in uence

In equation (2.21) the central body represents the body with thaighest gravitational
attraction on the spacecraft. Sometimes it is not clear which is theaday with the
highest gravitational attraction regarding the mass of the bodieand distance from
each other. But wrong selection of the central body would lead to accurate orbit
determination.

This problem can be solved with the concept of the sphere of in ueac The sphere
of in uence for a central body is an imaginary sphere within the graty of the object is
primarily responsible for all orbital motion. Outside this sphere, otar bodies in uence
most of the spacecrafts motion.

Assuming three bodies with masses1;, m, and mz (Fig. 2.6), m; is the central
body, m, the spacecraft, andm; the perturbing body, the equation of motion can be
written according to equation (2.21)

M ] 32
o+ G (m]_ + mz) 3 = Gms T3 + —g . (222)
7, iz I
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If the central body is m3z and m; the perturbing body the equation of motion is
accordingly

k3t G (m3 + mz) r% = Gmy r—?J;Z % . (223)
) r. Iz
From this equations it can be distinguished, by the ratio of the disturing force
(right hand side of the equations) to the corresponding centralt@@action (left hand
side), which of the equations has to be used. Whichever providestemaller ratio is
the one to be preferred.

The surface boundary over which these two ratios are equal is alsaaspherical if
ri riz. Equating both ratios and assuming thatmg; mj; andm;  m, the sphere
of in uence about m; is approximately
2
rp _ mg 53

2.24
M3 ms ( )

This equation describes a sphere aboum; on the boundary of which the ratio of
disturbing to primary accelerations is the same for both equation®22) and (2.23).
Inside the sphere the motion ofn, relative to m; should be computed and outsidens
should be treated as the central body. A table of the sphere of inence for the planets
with respect to the Sun can be found irBattin [1987], page 397 or itdausler [200&].

m; (Spacecraft)

H"J?

r":r_:_;

my

Figure 2.6: Sphere of in uence (Source: Hausler [2008c], changed).
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2.3.4 The gravity potential of a body

In the previous sections the equation of motion for a satellite orbitgna central body
was developed based on the assumption that all bodies can be teshfis point masses.
However this is in most cases not true for practical purposes. Mafor instance consists
of large volcanoes but also of valleys and this leads to a gravity eldrsingly deviating
from a point mass representation. In the following the gravity potatial of a body
with non-spherical shape and a nonuniform density distribution is dved. In addition,
a numerical implementation is developed with which the accelerationltfdy satellite
orbiting around such a body can be computed precisely.

The acceleration of a body according to equation (2.16) can also betten using a
potential U in the form

»= gradU) with U= GmCFl: (2.25)

The mass of a body can be expressed by the sum of a large but nitember of very
small mass elementgim. The summation of each mass element over the entire body
results in the potential of a body with arbitrary shape and density ghtribution

2727 (s)

ur)= G T (2.26)

Vol

wherer is the position vector of the point in which the potential is determinedand
s the position vector of the in nitesimal massdm of the body (Fig. 2.7), which are
expressed using the individual density and volume of the speci ¢c nsasglement

dm= (s)dV (2.27)

Figure 2.7: Contribution of a small mass element to the gravity potentialof a body.
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2.3.4.1 Expansion of the gravity potential in spherical har monics

In order to determine the gravity potential of an irregular shapedbody using equa-
tion (2.26) the inverse of the distancgr sj can be expanded in a series of Legen-
dre polynomials. For this purpose the origin of the coordinate syste has to align
with the center of mass and a reference radius is selected which figl the condition

R := maxfj sjjs 2 Volg. R describes a sphere enclosing the body andies outside of
the body if jrj > R for all points, so that

n , _r s
s Pn(cos ) with cos = ; (2.28)

rs

1 1R
r

=lwm

n=0
where is the angle between and s, and

1 d

n
201 dxn 1 (2.29)

Pn(x) =

is the Legendre polynomial or zonal spherical harmonics of degnee Introducing
spherical coordinates, i.e. radiug, latitude and longitude of the point r and
analoguer® ©° ©0of s, the addition theorem of Legendre polynomialsKautzleben

[1965])

_X (n_ m)
Pn(cos ) = m:0(2 o;m)m

Pn:m (C0s )Py m(cos 9 cosm( 9  (2.30)

can be used, wherey.,, is the Kronecker delta symbol and R, (x) are the associated
Legendre polynomials of degree and orderm which are de ned by

d™ Pp(X)

T (2.31)

Pom (X) = (1 x?)(m=2)

This formulation is ine cient for practical computation. A more e cie nt way to
calculate these functions can be accomplished by recursion. Thistheoa is described
in detail in Press et al.[1986] orVallado [2001].

Inserting the associated Legendre polynomial and equation (2.26)o equation (2.26)
the gravity potential of non-spherical body can be written as

n

em. ®* X' R .
u = M —  Pnm(cos )(Cpmcosm +S,,sinm ) (2.32)
r n=0 m=0 r
Gm,* X R "
= r ¢ ? (C?(; )Cn;m+SLn(; )Sn;m); (2'33)

n=0 m=0



28 Theory

where the G, and S,., are the gravitational coe cients de ned as

2 (n m)! 22z s n
_ O;m : > . 0 O
Cohm = M. (n+ m)l = Pnm(cos 9cosm 9 (r% % 9 dv (2.34a)
Vol
) R 22 2
_ O;m . ~ _ H o O .
Sim = e () = Pom(cos 9sin(m 9 (r% ¢ 9 dV :(2.34b)

Vol

These coe cients describe the dependence of internal mass dibtrtions within the
body and are used for precise orbit determination around a non+tsgrical body.

The C'(; ) and S'(; ) in equation (2.33) are called spherical harmonics and
determine lines on a sphere by the indicas and m along which the functions vanish.
The spherical harmonics can be divided into three dierent types ée Figure 2.8):
zonal, sectorial and tesseral harmonics.

Zonal harmonicsare characterized by the fact that the indexm equals zero. Therefore
the potential is no longer depending on the longitude. The potential is symmetric
along the pole axis. The sphere is divided in + 1 bands of latitude, in which the
potential is alternately increasing (+) and decreasing (-), i.e. evgrroot of the zonal
harmonics indicates a transition between negative and positive vaki€rig. 2.8(a)).

Sectorial harmonicsare de ned by n = m. and displaying bands of longitude on
the sphere as it can be seen in gure 2.8(b). The Legendre polynofsi&,., are only
zero at the poles in this case. In addition the term (sim( ) + cos(n )) vanishes also
for 2n dierent values of . Therefore, the line along which the spherical harmonics
C'(; )and S§'(; ) equal zero indicates meridians which divide the sphere im2
sectors. Every sector indicates positive (+) and n negative mass concentrations.

If n 6 0 and m 6 O then speci c regions of the body are represented and thesenfi
tions are calledtesseral harmonics The sphere is divided into the form of a checkerboard
as shown in Figure 2.8(c) Yallado [2001]).

2.3.4.2 Gravitational coe cients

The gravitational coe cients from equations (2.34a) and (2.34b) erve as weighting
factors in the expansion of the potential of a body with nonunifornmass distribution.
As the origin of the coordinate system is aligned with the center of rag, some of the
low-degree and order coe cients can be simpli ed in the following form

If m =0 and n = 0 then from equation (2.34a) it can be derived that

1 727
Co; 0= m— (S) dv =1: (235)

c
Vol

If m = 0 then the term sin(m 9 equals zero and therefore

So=0 for all n: (2.36)



2.3 Gravitational forces acting on a spacecraft

29

The following gravity coe cients are vanishing.

SJ.;l

Cro =

Cy1 =

1
me

1

3

< | % T| N

Py,

727
scos ? (s)dVv

\/ol

77
2° (s)dv

CR

Vol

(2.37)

(2.38)

(2.39)

wherex, y, z are the coordinates of the center of mass de ned by

0

1

X

Z

r:@yAmi s (s)d®s:

c

(2.40)

If the axis of the coordinate system are selected in the way that ély are aligned
with the main axis of inertia, i.e. the o -diagonal elements of the inera tensor
Iy, lyz and 1y, vanish then

and accordingly:

3cos %in °cos ° (s)dVv

Xz (s)dVv

5 2727
6m:R?2
Vol
1 YA
mcR2
Vol
IXZ
mcR2 0
ly, ~0
M R2
| xy _
2M R?

(2.41)

(2.42)

(2.43)

Therefore the lowest order gravitational coe cients, which are ot vanishing, are G. o
and C,. ,, if the coordinate system is well selected. The coe cient £, represents the
attening of the body, i.e. the di erence between the polar and theequatorial diameter
and is for example the largest coe cient for the Earth's gravity poential, being three
orders of magnitude larger than @ o, which accounts for bulb-like shape of the Earth.
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(a) Zonal harmonics

P Q AN QO

2,2 33

@ K

y

4,4

(b) Sectorial harmonics

PR3
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(c) Tesseral harmonics

)

3,1

Figure 2.8: Spherical harmonics (Source: Vallado [2001], changed)
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2.3.4.3 Normalization

The gravitational coe cients may di er over a range of ten or moreorders of magnitude.
Therefore, normalized coe cients are used in practice which are b more uniform
and provide higher accuracy for gravity potential computation. Tie normalization is
de ned as

s
|
= o O;m)((”nJr ”rz)l T (2.44)
Thus the normalized coe cients of the expansion are
And the normalized associated Legendre polynomials are
By = nim. (2.46)
n;m

Obviously, the product of the unnormalized Legendre polynomials drthe unnormalized
coe cients is equal to the product of the normalized Legendre pohomials and the
normalized coe cients, i.e.

6n;mﬁn;m = Cn;mPn;m and §n;m§n;m = Sn;mPn;m (247)

Equation (2.44) de nes the normalization coe cients most commonlyused in geo-
physical science. Most published gravitational coe cients are basl on this normal-
ization, although other de nitions of normalization factors do exist(see Kautzleben
[1965]).

2.3.4.4 Time varying gravitational coe cients

In the previous section the central body was treated as a point reg.or as a rigid body
with an irregular shape and therefore a nonuniform gravity poterl. However, no solar
system body is perfectly rigid and thus subjected to time varying dermations due to
tidal forces.

These forces are caused by the di erence in gravitational attrdon and centrifugal
forces, i.e. the dierence in the attraction at points inside and ouide the central
body experiencing by the gravitational attraction of an orbiting baly. The impact
of the relative small di erence forces is signi cant. The major partof the attraction
is compensated by the centrifugal force arising by orbiting arounthe barycenter of
the two bodies. But the centrifugal force has the same amplitudend direction at
all locations because all points of the central body are describingngruent orbits.
Therefore it only compensates the gravitational force at the ctsr of mass of the
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central body and all other points experience a di erential forcewhich is called tidal
force (Kertz [1995],Agnew[2007]).

In the case of the Earth, the tidal forces of the Moon and the Suacting on the
Earth result in a small time varying deformation of the solid body of tle Earth. The
oceans also respond to the gravitational attraction of the Moonna the Sun and the
e ect is called ocean tides. Therefore the Earth's gravity eld is notonstant in time
but shows small periodic changes. These small variations in the gitggveld also e ect
the motion of a spacecraft. In the case of Mars only the gravity ld of the Sun distorts
the shape of Mars.

The change in the gravity coe cients of a central body due to solidites of can be
written according to McCarthy and Petit [2003]:

n+1

Pr:m (sin( 1))

Cum _ kom X m, E cosn i) (2.48)
ri

sin(m )

Snm 2n+1i=l me

where k., are the nominal Love numbers of degree and order m, m; is the mass
of the disturbing body like moon or sun in the case of the Earthn, the mass of the
central body, R the equatorial radius of the central body,r; the distance from the
center of the central body to the disturbing one, ; is the body- xed latitude and
the body- xed longitude of the disturbing body andP,.,, the normalized associated
Legendre polynomials. The variation of the largest gravity coe ciets C,. o and Cs. o
can than be computed via

3

— k-oxl m R . 2

Coo = P2 —L = 3Bsin()? 1 2.49

2,0 5. me n (1) (2.49)
ks o X R *_ .

Coo = B2 M B 540 )® 3sin() (2.50)

N
\‘
3
3
=

Another e ect resulting from the tidal deformations is a change in psition of a
ground station located on the surface of the Earth. Detailed infanation on this e ect
will be given in section 2.6.2.

2.3.5 Numerical computation of the gravitational accelera tion
of an irregular shaped body

Computing the gradient of the gravity potential of an irregular shaed body according to
equation (2.32) is quite time consuming. Therefore an optimized algihrm is useful to
save time in repetitive calculation.Cunningham[1970] formulated a recursion algorithm
and Montenbruck and Gill[2000] adopted it (a detailed description can be found in
appendix A.4). This algorithm is suitable for a direct computation of tle acceleration
felt by spacecraft in a body- xed frame. It uses unnormalized gvétational coe cients
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Ch.m and S, m, which makes the algorithm numerical inaccurate due to the small
size of the unnormalized gravitational coe cients of high degree and orderm. This
algorithm is modi ed in this thesis for use with normalized gravitationalcoe cients

Cn; m and 31; m ensuring high accuracy of the computed acceleration. The moditan
of the algorithm is explained in the following.

The gravity potential of a irregular shaped body using normalized gvitational co-

ecients C,., and S, ., is analogue de ned to the de nition in Montenbruck and Gill
[2000]

GM X X _ I
U= ? ComVim + SumWhm (2.51)
n=0 m=0
with the normalized recursion coe cients
R n+1
Vim = T Pn.m (Sin )cosm ) (2.52a)
- R "t _

and the radiusr, the latitude , the longitude of the pointr, and the reference radius
R as de ned in section 2.3.4.1.

The relation between normalized and unnormalized gravity coe cierd and Legendre
polynomials is

Chm Pam =Cnm Pnm and Sum Poim =Snm Poim (2.53)

In order to normalize the Legendre polynomials the following normaliian factor
(see section 2.3.4.3) is used

s
_ @2 om)(n mi@2n+1)
mm (n+ m)! '

(2.54)

In recursion algorithms the current result is computed from previgs ones like

Pom =Pnoim j (3) with i; ] 2 N : (2.55)

Therefore, the normalized recurrence coe cients can be compad based on the algo-
rithm in Montenbruck and Gill[2000] using a compensation factor(%) which satis es
the following relation using the normalization factor de ned in equatia (2.44) and the

relation between normalized and unnormalized gravitational coe ciets and Legendre
polynomials from equation (2.47)

n; m I:)n;m :X(E;jn)] n+i;m+j I:)n+i;m+j (:::) : (2-56)
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This yields for the compensation factor

X@i) = 28 (2.57)

n+i; m+j

Initial conditions for the recurrence coe cients are according toMontenbruck and
Gill [2000]

VO; 0-— and Wo; 0=0 (258)

= 2l

In order to compute the recurrence coe cientsV,., and W, , the following com-
pensation factors are needed.

S
. . 1 (2m+1)
x(L npmo_ mm _ 2.59
mm m Im 1 82m 1 (2 O;m l) m ( )
: . 2n+1)(n m)
x(ro_ _mm  _ 2.60
: . 2n+1)(n m)(n m 1)
x(20= _mm o 2.61
nm no2m (n+m)(n+m 1)(2n 3) (2.61)

With these compensation factors %) the normalized recurrence coe cients are

3]

vm; m m; 0 I'Z X(m;lén b (2m 1) X vm 1m 1 y Wm 1m 1
S
R 2m +1 _ _
= - XVn 1 W 1 2.62a
r2 (2 om 1) m mLm 1 Y m 1m 1 ( )
Wm;m = r_zxm;}n (2m 1)XWm 1m l+yVm 1m 1
S
R 2m+1 _ _
Om 1
— R 1 , _
Vim = 2 m XGR2@n 1)zV, im
XEE2(n+m DRV, o
S
R 2n+1 _
= r_2 P 2n 1z V, 1:m

(n+m)(n m)
r

(n+m 1)(n m 1)
2n 3

RV om (2.62¢)
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- R 1 , —
S
R 2n+1 —

(n+ m)(n m)
r

n+m 1)(n m 1)
2n 3

RW, 2m (2.62d)

In order to compute the acceleration from normalized gravitatiorlacoe cients a
compensation factor must be implemented as a moderator betweéme normalized
gravity coe cients C,.m, Si;m and the normalized recurrence coe cients/ . m, W m
because they are multiplied with di erent degree and order. Therefe the following
condition has to be complied with

1

[N
Cn;m I::'n+i;m+j Cn;m X(n;an n+i;m+j I::'n+i;m+j

n,m

Hence, the compensation factor for the acceleration is equally ded as for the
recursion coe cients in equation (2.57).

The speci c compensation factors necessary for further comjtions can be derived
as follows

X(# é) _ njlol _ S (2n + 1; ((;n++1§)( n+2) (2.64)
r—

XE = nnloo = ;:i:la (2.65)

X(ﬁj,%) mz 0 n+:;;:+l _ ; (2n+1)(n+2mn:§)(n+ m+1) (2.66)

X =0 = NOGERIC neDe ey 26D

X(1;0) M0 el Ei” i n?f 2);;: . g : (2.68)

The partial accelerations calculated with normalized coe cients ar¢hen given by

GM —  ano
Xno = _—2Cn;OX(n;'o) Viet:1

S

_ GM 2n+1)(n+1)(n+2) — —
- ﬁZ 2(2n +3) ChoVn+1;1 (2.69a)
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> 1GM _— — _ AP
Xn:m 2o E? Cn m X Vn+1;m+1 + Sn;m X(%;'rln) Wit ms1
(n m+2)(n m+1) En;m X(r11;;m1) vn+1;m 1
+ §n;m X(%;;ml) Wn+1;m 1

r—
1GM 2n+1 P —

— — 2n m+2)(n m+1
+ Sﬂ;m Wn+1;m+1 ( 2 )( )

Oom 1

Crim Vistim 1+ Sum Whsam 1 (2.69b)

GM
Yoo = — Cno XG0
R’

S
_ GM (@n+1)(n+1) (n+2) .
R 2(2n+3) Crio Wesis (2709

mo  1GM
S o

W1 =

Cn m X( Wn+l m+1 §n;m x(%;;r:’l[:]) Vn+l;m+1
+(n m+2)(n m+1) En;mx(rlu;ml)wnﬂ;m 1

Sm XE LD Vi 1

r—
1GM 2n+1 P _ _
= P (n+m+2)(n+m+1) Cn;m Wn+1;m+1

2R 2n+3

S
— — 2n m+2)(n m+1
Sﬂ;m Vn+1;m+l + ( 2 )( )

Om 1

6ﬂ;m Wn+l;m 1 §h;m vn+1;m 1 (2.70Db)

GM
Zn:o = R (ﬂ+1) Cn Ox(rl1 8 Vn+1;0 =

S

. GM @n+1) -
= ? (n + 1) m Cn; 0 Vn+1; 0 (2713)

> GM 0 = o -
zn;m m:0 (n m+1)x(rj1-;’r(r)1) Cn;m Vn+1;m+Sn;m Wn+1;m

S
a GM (@2n+1)(n+m+1)(n m+1) oY
- ﬁz (2n+3) n; m n+l;m

+ Som Woatom (2.71b)

The accelerations can be computed in Cartesian coordinates by adding the partial

accelerations.
X X XX ®ox
X = Xnm 5 y= Yom 7= Zom - (2.72)
n=0 m=0 n=0 m=0 n=0 m=0
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2.4 Non-gravitational forces acting on a spacecraft

The orbit of a spacecraft is not only driven by gravitational forcedut modi ed also
by solar radiation pressure, atmospheric drag and other e ectéing on a spacecratft.
These forces will be described in detail in the following without claimingtbe complete.

2.4.1 Solar radiation pressure

The Sun emits light energy (photons) depending on solar activity. Ding periods of
intense solar storms the radiation is very strong and the force csed by the radiation at
times of low activity very small. The body of a spacecraft absorbs dire ects photons
which causes small forces changing the orbit of the spacecrafthel magnitude of the
acceleration is inversely proportional to the squared distance dfa spacecraft from the
Sun.

The solar radiation pressure depends on the number of incoming pbias and on
their energy. The energy of a photon is given blg f, whereh is Plank's constant and
f the frequency of the photon. The solar uxg is de ned as solar energy E; per time
unit t which passes through the areA. Hence, the force acting on the spacecraft can
be written:

~lo

_ &
C

wherec is the speed of light and p the impulse of the photon. The resulting radiation
pressure is

o)
Pyl
I

(2.74)

o |#

The solar ux at a distance ofro = 1 Astronomical Unit (AU) is approximately
1367 W/m? (Montenbruck and Gill [2000]). The solar radiation pressure i® g =
4.56 10 GENZ. However, this is only the case if the surface absorbs all incominggibns
and the incident radiation is perpendicular to the surface.

In Figure 2.9 a more general case is shown. Hekg,, is the exposed surface which is
inclined to the incoming radiation by the incident angle i,.. Fractions of the incoming
radiation are absorbed and re ected. Re ection can take place spular, i.e. the incident
angle i, equals the re ection angle ¢, or di use, if this is not the case (see Figure
2.9). The fraction of specular or di use re ected radiation depensl on the roughness
of the surface, i.e. the optical properties of the spacecraft. Thesulting accelerations
caused by absorption, specular and diuse re ection are accordinto Milani et al.
[1987]:
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A
Pabs = % COS (inc) =P e (2.75a)
C sc
¥ spec = co§( .nc) Acp (2.75b)
sc
2
Bgir = % COS( inc) ﬂ e’ + —ey . (275C)

Here, vectore? is the unit vector in the direction of the sun andey the vector normal
to the surface. Introducing coe cients , and" describing the fraction of absorbed,
di use and specular re ected radiation ( + + " = 1) and combining equation (2.75a),
(2.75b) and (2.75c), the acceleration due to the solar radiation @sure felt by a satellite
with mass mg. at a distancer’ from the Sun can be written as

1
COS(,nC)mp ( + )eJ +2 IICos(inc)"' § en : (2-76)

SC

Hererg is 1 AU. The activity of the Sun, i.e. the solar ux is not constant overtime,
which is accounted for by introducing a scaling factok. This scaling factor is usually
treated as a free parameter in the orbit determination process.

Equation (2.76) can be simpli ed if it is assumed that the surface noral ey always
points in the direction of the Sun and if no detailed information about lte optical
properties of the spacecraft is available:

e= kBroAen (2.77)
Cr# mec

This expression can also be used if no high precision is acquired.

Figure 2.9: The incident radiation results in accelerations ¥ aps, ¥ spec @and # g caused by
absorption, specular and di use re ection
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2.4.2 Shadow function

The acceleration given by equation (2.76) assumes full illumination ofi¢ satellite by
the Sun. In a realistic scenario it is possible that the satellite disappesabehind the
planet as seen from the Sun and therefore is not or only partially egped to the solar
radiation pressure. This problem can be solved by introducing a shas function ,

which is de ned as follows

= 0, if the satellite is behind the planet and entirely in the shadow,
= 1, if the satellite is fully illuminated by the Sun, and
0 < < 1 partially illuminated by the Sun.

Montenbruck and Gill[2000] developed analytical expressions for illumination condi-
tions from a conical shadow model. The apparent radius of the odmd body (the Sun)
a, the apparent radius of the occulting body (the planetp and the apparent separation
of the centers of both bodieg can be obtained via the following equations.

RJ
a = arcsiner ] (2.78)
b = arcsinR—sB (2.79)
T J
c = arccosM (2.80)

sjr’ rj

Here, R’ is the Radius of the Sun (696000 km);’ the coordinates of the Suny
the coordinates of the spacecraffRg the radius of the occulted body, and the vector
from spacecraft to occulted body. The occulted array is then

c
A = a® arccos g + ¥ arccos bX cy; (2.81)
with
2 +
X = u (2.82)
D 2c
y = a2 x2 (2.83)
Hence, the remaining fraction of the radiation on the spacecraft is
A

Accordingly, the resulting acceleration from the solar radiation pssure (see equation
(2.76)) felt by the spacecratft is

2
fo
r?

Aexp

SC

cos ()

= k% (+ )e +2 "cos()+ % en (2.85)
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2.4.3 Atmospheric drag

A spacecraft orbiting a planet encounters air molecules from the plat's atmosphere.
The change in the molecules’ momentum due to collision with the spacaft leads to

a force acting on the spacecraft, called atmospheric drag. Thisrde depends on the
local density of the atmosphere and the surface area of the spaxaft exposed in the
direction of motion (Montenbruck and Gill[2000])

1 Aexp 2
bp = =-C Ve, 2.86
D 2 D msc r v ( )

where is the atmospheric densityy is the velocity of the spacecraft relative to the
atmosphere andCp, is the drag coe cient, a dimensionless quantity, which describes the
interaction between the surface material of the spacecraft artde atmosphere. Usually
Cp or the ballistic coe cient Cp /:% is estimated in the orbit determination process as
a free parameter. The unit vectore, = x—f allows for the fact that the direction of the
drag acceleration is always anti-parallel to the relative velocity veat v,. The relative
velocity of the spacecraft can be computed under the assumptitimat the atmosphere
co-rotates with the planet

vi=v | 1 (2.87)

with the inertial velocity vector of the spacecraftv, the position vectorr and the
angular velocity of the planet! . The atmospheric density can be computed either
from standard atmospheric models or from dynamic models. It is als®cessary to use
a precise model for the spacecraft as it is used for the solar radiet pressure modeling.

2.4.4 Albedo and infrared radiation

The incoming solar radiation re ected and scattered from a body isafled albedo radia-
tion. The optical albedo indicates the ability of re ection and scatteing of the incident
solar radiation, i.e. the ratio of re ected and incoming radiation, ands usually given
in percent of the re ected radiation from the body. In addition, planetary surfaces and
atmospheres emit infrared radiation, which also contributes to theadiation pressure
felt by an orbiting spacecratft.

Montenbruck and Gill[2000] gives a formulation which accounts for the acceleration
acting on a spacecraft due to optical and infrared radiation summgnup individual
terms, corresponding to di erent area elementslA; of the planet

X 1 A dA;
#raa = Cr ;& COS [ + 7] % Rexp oo J-Sr—_;e,- ; (2.88)

j:l c mSC J

Here, Cr is the radiation pressure coe cient of the spacecraft,; the shadow function
for the planets area elementlA;, a the albedo, ; the emissivity, F and > the angles
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of the planet surface or spacecraft surface normals to the incideradiation, % the
radiation pressure,r; the distance between planet and spacecraft, ang| the unit
vector from the surface to the spacecratft.

2.45 Thrust forces

In order to control the orbit and the attitude of spacecraft thethruster-system on
board a spacecraft has to applied. For a detailed orbit determinatiothis e ect has to
be accounted for. Thrusters are burned best in pairs to produeepure momentum-free
torque. Thrusters are acting primarily in the along-track and crostrack direction.
Maneuvers can be treated as instantaneous velocity incremengking place at timet,,

m =V t, + v(ty): (2.89)

Dealing with extend maneuvers needs a complex thrust model but iie following
only a simple model based on constant thrust is showmpntenbruck and Gill[2000]).
A spacecraft of massn experiencing a thrust acceleration assuming a one dimensional
motion o
= MG,

E
a= — 2.90
— o (2.90)

with propellant massjdmj = jmj dt ejected from the propulsion system per timelt
at velocity ce.

The entire velocity increment can be computed by integration ovehe burn time t

tA t m(g@+ )

vV = at)ydt= ¢ %dm (2.91)
to m(to)
m(to+ t)
= In—————;
~ m (to)

which is the Ziolkowski equation. Assuming a constant mass- ow rajmj, the entire

velocity increment is
F 1 jmj t

v= —In 2.92
m] m (&) (2:92)
Using equation (2.90) and (2.92) the resulting acceleration is then
imj 1
at) = V: (2.93)

m (t jimj t
(t) In 1 )
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Introducing a time-dependent set of orthogonal unit vectorge,, e,, e; with constant
projected thrust vector componentsF;, F, and F3 the resulting acceleration in the
inertial reference frame is given by

jmj 1

m (t jmj t
(t) In 1 o)

a(t) = E v(t); (2.94)

where v (t) are the velocity increments in the thrust reference frame and #érotation
matrix E (t) = ( e1; e;; e3) transforms the acceleration from the thrust reference frame
into the inertial frame.

In the case of a negligible mass oyymj t m(tg) the resulting acceleration can
be simpli ed to 0 1
1 F1
a(t)= —E(t)@F, A: (2.95)
m F,
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2.5 Force model

In the following section the force model used for Mars Express (ME and Rosetta

(ROS) is de ned and the accuracy of the force model is tested. €he are no syn-
thetically generated orbit data available which would allow to comparehie orbit re-

sulting from the force model. The ight dynamics team at European [gace Operation
Center (ESOC) however provides reconstructed orbit data for EIX based on Doppler
and ranging measurementsdgl Rio [2006]). Rosenblatt et al.[2008] provides also a
reconstructed orbit for MEX with a slightly higher precision which canbe used as a
reference orbit for comparison. In the case of ROS no recongtred orbit data are

available but ESOC provides predicted orbit data appropriate for gaparison.

The position of the Sun and the planets of the solar system are couatpd according to
the latest released ephemeris I®E421from Jet Propulsion Laboratory (JPL) (Folkner
et al. [2008]). The values of the according body masses are listed in Table .A.1

2.5.1 Mars Express

In order to test the accuracy of the MEX orbit by integrating the euation of motion, a
reference orbit is needed for comparisoiRosenblatt et al[2008] determined an accurate
orbit of MEX and published the data in form of SPICE-kernels. The diit determi-
nation was computed with the software package Geodesie par Igtations Numerigues
Simultanees (GINS) originally developed at Centre National d'EtudeSpatiales (CNES)
to compute precise orbits of satellites around the Earth as well assitgravity elds
(Marty et al. [2007]). Therefore the force model used in GINS and for the det@na-
tion of the reference orbit of MEX is adequate for testing the focmodel developed in
this thesis.

The MEX orbit provided by Rosenblatt et al.[2008] is compared with the results
from the integration of the following equation of motion:

asc = ac+app+ape +a +ap +ase: (2.96)

Here, Mars is treated as the central body in the equation of motiofsee section 2.3.3
for more details) anda. is the acceleration caused by the gravity eld of Mars. The
latest gravity model MGS95Jto degree and order 95Konopliv et al. [2006]) is used.
The accelerations from the gravity eld model of Mars are computeaccording to the
recursion formalism developed in section 2.3.5. The seasonal changkthe gravity
coe cients caused by the mass exchange between the polar ice saand atmosphere
are neglected in the gravity model for Mars because their contribans are small at
distances from Mars where ybys are usually performed.

apn and ap. are the accelerations by the point mass representation of the Mian
moons Phobos and Deimosa and ap, are the point mass representations of the Sun
and the planets, respectively.
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Figure 2.10: Comparison of the position and velocity obtained from the inégration of the
equation of motion based on the force model (equation 2.96)itl a reference orbit for Mars
Express provided by Rosenblatt et al. [2008]. The di erencediween the reference orbit and the
integrated orbit is in position and velocity for all three time periods (February 26, 2005 from
09:00 am - 1:00 pm k = 1.11), January 15, 2006 from 6:00 pm - 10:00 pm and September
21 (k = 1.18), 2007 from 7:00 pm - 11:00 pm k = 1.23)) smaller than 9 cm and 0.02 mm/s,
respectively. This di erence is very small compared to the ttal Doppler velocity error of 0.26
mm/s at X-band due to transponder noise at the ground statiorand transponder phase noise
(see section 2.9)
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Figure 2.11: Forces acting on MEX 1 hour around closest approach of the yby in
July, 2008 (see section 5.1.1.2)

The acceleration caused by the solar radiation pressureasg. A detailed model
for the optical parameter of each surface of MEX has been proed by Morley [2004]
and can be found in Table A.2. The direction of the Sun with respect torientation
of the bus and the solar panels of MEX are determined and incorpoed into the
computation as well as a shadow function representing the illuminaticof the spacecratft.
The detailed description of the models can be found in section 2.4.1.

In Figure 2.11 the accelerations acting on the spacecraft at the tamof the closest
approach for the yby in 2008 at Phobos (see section 5.1.1.2) areosin as an example.
The largest acceleration is caused by Mars as the central bodylldaved by Phobos,
Sun and the solar radiation pressure. The accelerations causedtbg planets are very
small with the contribution by the Earth as the smallest one withag 3 10 1° mm/s?.
The velocity change after 4 hours is approximately 10 mm/s. Accelerations smaller
than that of the Earth from other bodies are not considered in théorce model due to
their insigni cant contributions. The distance between Mars and MK ranges during
the close yby between 5000 km - 10000 km. The acceleration by atspheric drag
equals zero due the absence of atmosphere particles at this diss Accelerations
caused by optical and infrared radiation are at this distance small¢han 10 ** mm/s?
according to equation (2.88). They are also neglected. No Wheel-boading (WoL)
events or spacecraft manoeuvre occur when the close yby at &hos was performed.
Therefore, no such contributions are considered in the force mad
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Figure 2.12: Comparison of the position and velocity from integration of he equation of
motion with a reference orbit for ROS at September 4, 2008 fim 12:00 - 20:00. The scaling
factor for the acceleration due to the solar radiation presare k = 1.32. The di erence between

the reference orbit and the integrated orbit is in position ad velocity 40 cm and 0.025 mm/s,

respectively. This di erence is very small compared to the ttal Doppler velocity error of 0.26

mm/s at X-band due to transponder noise at the ground statiorand transponder phase noise
(see section 2.9).
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The position and velocity is compared with the reference orbit for tiee time periods.
Di erent values for the scaling factork of the solar radiation pressure are used for
comparison (see section 2.4.1): On February 26, 2005 from 09:00 ai00 pm K =
1.11), January 15, 2006 from 6:00 pm - 10:00 pm and September R1=(1.18), 2007
from 7:00 pm - 11:00 pmK = 1.23). The distance between MEX and Mars is similar
to the distance at close ybys at Phobos at these time periods.

The position and velocity di erences shown in Figure 2.10(a) and 2.1if) are for all
three time periods smaller than 9 cm and 0.02 mm/s, respectively. Téedi erences are
smaller than the accuracy of the measurements stated stated Bpsenblatt et al[2008]
to be 1.2 mHz or 0.02 mm/s and 3 m at an integration time of 60 second®-band at
8.5 GHz). That proves that the integration of the equation of motia and the selected
force model provides an adequate precision. The used values o 8taling factork
of the solar radiation pressure are also very close to the valuesnfr&Rosenblatt et al.
[2008] which demonstrates the precision of the complex model fdretsolar radiation
pressure.

Rosenblatt et al[2008] used an older model for the position of the Sun and the plaset
of the solar system which explains the small di erences between theference orbit and
the integrated orbit. The high precision of the numerical force maa developed in this
thesis has been shown by this comparison.

2.5.2 Rosetta

The ight dynamics team at ESOC provides predicted orbit data for he entire mission.
These orbit data are less precise compared to the data for MEX batcurate enough
for testing the precision of the force model developed for the Raita spacecratft in this
thesis.

ROS conducts close ybys at Mars and Earth on its way to 67 P/Chyumov-
Gerasimenko. For the two asteroid ybys at Steins and Lutetia theorce model from
MEX is adapted to ROS as follows

Asc = ac+ aps + ap) + asg: (2.97)

Here a. is the acceleration caused by the central body, the Sun, treated a point
mass,ass the acceleration from the gravitational attraction of the asterals Lutetia or
Steins, andap, the acceleration due to the point mass representations of the pks.

The acceleration caused by the solar radiation pressureasgr. A detailed model
for the optical parameter of each of Rosetta surface is providdy Morley [2008] and
listed in Table A.3. The Rosetta spacecrafts bus with the dimensions& 2.1 2.0
m and the areaA = 32.13 n? of the solar panels are very large. Therefore, a complex
model forasg is used, i.e. the direction of the Sun with respect to the orientationfo
each area of the bus and the solar panels of the spacecraft aréedained separately.
A detailed description can be found in section 2.4.1.
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Figure 2.13: Forces acting on Rosetta 1 hour around closest approach of the Steins

yby in September, 2008 (see section 5.2)

Figure 2.13 shows the accelerations felt by ROS at the time of the obs$ approach
at the asteroid Steins (see section 5.2) according to the force nebdThe in uence of
the outer planets is larger compared to the MEX force model. The egleration due
to the solar radiation pressure is in the same order of magnitude as MEX although
the solar panels of ROS having a much larger area which is compensgalg the larger
distance to the Sun.

In Figure 5.20(a) and 5.20(b) a comparison between the orbit proved by ESOC
and a orbit based on the force model at September 4, 2008 from@®am - 8:00 pm
is shown with a scaling factor for the solar radiation pressutle = 1.32. The di erence
in position and velocity after eight hours integration time is 40 cm and.025 mm/s,
respectively. This shows the high precision of the numerical forceontel for the Rosetta
spacecraft. The time period for comparison is selected because itligse to the yby
at the asteroids Steins. For other time periods the di erence renras in the same order
of magnitude.

2.5.3 Precision of the force model

The high precision of the orbit computed with the integration methodsee section 2.2)
for the equation of motion and the force model established for MeExpress and Rosetta
at the time of the ybys has been demonstrated by the comparisonith reference orbits.

The di erence in velocity is for both spacecrafts 0.02 mm/s. This di eence is very small

compared to the total Doppler velocity error of 0.26 mm/s at X-bad due to transponder

noise at the ground station and transponder phase noise (seetiggr2.9).
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2.6 The relativistic Doppler e ect

If a spacecraft is transmitting an electromagnetic wave with fregncyf+ and on Earth
the signal is received via a ground station with frequencir, the relativistic Doppler
e ect taking into account e ects if special relativity of order ? and e ects of the gen-
eral relativity can be computed from the following equation (see Figa 2.14) according

to Hausler [2002]

. .2
1L n e+l /& (2.98)

1: -2
1 n+30 4" F

f
= 1
fr
Here,

f is the Doppler frequency shift with f = f+ fr wheref is the transmitted
frequency andfr is the received frequency,

n is the normalized vector from transmitter at transmission timet; to receiver
at receiving timetg,

T is the normalized velocity of transmitter with = *T, where vy is the
velocity of the transmitter at the time of transmissiontr,

r IS the normalized velocity of receiver with ; = &, wherevg is the velocity
of the receiver at the time of receptiorty,

c is the speed of light,

T Is the gravity potential of the Sun and the planet in which sphere of inence

the transmitter is located, with 1 = — ﬁ and r the distance from the
transmitter to the Sun and r, the distance from the transmitter to the planet,
and

r the gravity potential of the Sun and the planet in which sphere of inuence

the receiver is located, with g = -— > andr the distance from the receiver

p
to the Sun andr, the distance from the receiver to the planet.

If the receiver or transmitter is located on Earth the centrifugalacceleration from
Earth rotation should also to be taken into account using the followig equation

1 2
c= 5 I sin 5 r; (2.99)
whereas
I is the angular velocity of the Earth in radian per second,
the geographical latitude of the ground station, and

r distance from the center of the earth to the ground station.
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Figure 2.14: Parameter fro the computation of the relativistic Doppler eect in the down-
link case i.e. the spacecraft is transmitting a radio signalto the ground station located on
Earth.

Equation (2.98) requires the knowledge of the travel time of the dio signal from
the instant of transmission to the instant of reception. These lightime corrections are
calculated iteratively starting from an initial value (assuming in nite speed of light)
using a Newtonian formulation Hausler [2002],NAIF [2009]).

In the literature other approximations can be found for the relatiistic Doppler e ect
(Morabito and Asmar[1995],Schneider[1988],Ashby[2003] orSo el [1989]). However
the di erences between the di erent expressions for the relativik Doppler e ect is in
the range of a few mHz $elle[2005]). The precision of the used formulation (2.98) is
tested in section 3.

2.6.1 Relativistic summation

If the normalized velocity in equation 2.98 is computed barycentric ahplanetocentric
velocities have to be added but it has to be taken care that nothing awes faster than
light. Therefore the velocities have to be summed up in a relativistic wa

Assuming a systen8°moving relative to systemS with the velocity u and an observer
is situated in the systemS. A body is assumed to have the velocity® in system S°
Calculating the velocity v of the body in systemS in a non-relativistic way can be done
via

v =vo+ u: (2.100)

However, ifjuj and jv9 > 5 this would lead to jvj > c. This can't be true, because
the e ects of time dilatation and contraction of the length requiresthe existence of a
limited velocity not depending on the reference frame.
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The time dilatation, i.e. the time interval between two events in the maing system
S% seems to be extended for the observer in the resting frarBeby the Lorenz term
1

2
u
1 c

and the contraction of the length, i.e. the length of a distance in thenoving system
S% seems to be for the observer in the resting systefshortened by the factor?.

The velocity in the system S is via relativistic summation (seeDorfmaller et al.

[1998]) )
v = ar . VO)(VO+( 1) (v Wu+ u); (2.102)

whereas

u is the unit vector of the velocity u of the systemS°relative to systemsS,
u the normalized velocity of the system S' relative to system S, i.¢;, and

vo the normalized velocity of the body in system S, i.e¥.

2.6.2 Precise ground station position

The precise modeling of the Doppler e ect requires an accurate kmiedge at centimeter
level of the position of the ground station on the surface of the Eh. The crust of the
Earth is variable and reference points are displaced by linear e eclike the tectonic
plate motion and non-linear e ects like the solid Earth tides. Methodso model this
e ects are described in the following.

In the celestial reference frame for a precise ground station i@ e ects due to
precession, nutation, Earth rotation, and polar motion have to béaken into account.
In section 2.1.3 the transformation from the celestial to the tersgrial coordinate system
is described in which the e ects are considered.

2.6.2.1 Tectonic plate motion

The lithosphere of the Earth is divided laterally into a number of tectaic plates. Twelve

major plates and several minor plates exist. The tectonic platesemoving relative to

each other and a comprehensive model of current plate motionosls rates of separation
at plate boundaries that range from 20 mm/year in the North Atlanic to about 160

mm/year on the East Paci c Rise. The model also gives rates of claguranging from

about 10 mm/year between Africa and Eurasia to about 80 mm/yeabbetween the Naza
plate and South America.

Depending on the location of the ground station the site displacentefiom tectonic
plate motion has to be considered for a precise ground station pasit. The NNR-
NUVEL1A model for plate motions (seeMcCarthy and Petit [2003]) can be used for
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modeling. From the original coordinates o = ( Xo; Yo; Zo) in the International Terrestrial
Reference Frame (ITRF) (see section 2.1) at tim& new coordinatesr = (x;y;z) at
time t can be computed from the Cartesian rotation vector via

= Xo+( yZo  zYo)(t to) (2.103)
= Yot ( zXo «xZo)(t to) (2.104)
Z = Zpt ( x Yo yXO) (t tO) : (2-105)

The values of the rotation vector for each of the major plates can be found in Table
A.4 in the appendix.

2.6.2.2 Site displacement due to solid Earth tides

Tidal forces arise from gravitational attraction of bodies exteral to the Earth. The
resulting deformation of the shape of the non perfectly rigid Eartibauses site displace-
ments. The tidal acceleration at a point on or in the Earth is the di eence between the
acceleration caused by the attraction of the external body andhé orbital acceleration.
Assuming the Earth being spherical symmetric, the orbital accelation is the accelera-
tion caused by the attraction of the external body at the Earth'scenter of mass, making
the tidal force the di erence between the attraction at the cergr of mass, and that at
the point of observation. The tidal potential can be expressed g§&gnew[2007])

Vo= GMe® a4
“TRM _, R 2n+1 _

Yom ( °®)5 °M) Yam (5 ) (2.106)

Here, Mg is the mass of the external bodyR (t) the distance between the center of
mass of the Earth and the center of mass of the external body,the distance of the
observation point on Earth from the center of mass of the Earth,, the colatitude and
east longitude of the observation point, and®(t), °(t) the colatitude and east longitude
of the sub-body point of the center of mass of the external boé&nd Y, (; ) the fully
normalized complex spherical harmonics de ned by

Yom (; )= N"P™(cos )e™ : (2.107)

Here,
2n+1(n m)! :
4 (n+ m)!

NM=( )" (2.108)

is the normalizing factor andP" is the associated Legendre polynomial of degrae
and orderm. The solid tides can be expressed as a sum of sinusoids as

Sm : .
Tom = A @@ tom & am ) (2.109)
k=1
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where, for each degre@ and order m k,, sinusoids with specied real amplitudes
A, frequenciesf, and phases are summed. A table of harmonic amplitudes and
frequencies can be used to model the tidal potential. This methodr be used for
Earth tides of any type (Agnew[2007]).

McCarthy and Petit [2003] developed a numerical two-step procedure using the sum
of sinusoids in order to model site displacements caused by solid tidessich will be
described only brie y here because of its complexity.

In the rst step corrections in the time domain are computed, i.e. tk in-phase
correction for degree 2 and 3, the out-of-phase correction fdegree 2 only of the
diurnal and semidiurnal tides and the contribution from the latitude dependence of
the diurnal and semidiurnal tides. The second step comprises es#itimg corrections
in the frequency domain, i.e. the in-phase correction for degree Rtbe diurnal and
semidiurnal tides and the in-phase and out-of-phase correctiohaegree 2 of the long-
period tides. This model is used in this thesis for computing the site giscement
e ects due to solid Earth tides.

2.6.2.3 Other e ects

There are additional e ects which are changing the position of a guad station. Here,
some of them are briey described and summarized in Table 2.1 withowdaiming
completeness.

Ocean loading

The site displacement due to ocean loading is mainly in the horizontal diction.

It is due to temporal variations of the ocean mass distribution andhte associated
load on the crust, which produces time-varying deformations of éhEarth. Ground

stations close to the coast or on islands are a ected strongest.h& e ect has

periods about 12 hours, 24 hours, 14 days, but also monthly andlhygear periods
due to Sun and moon. The amplitude is smaller than that of the solid tideand

in the range of a few centimeter.

Atmospheric loading

The surface of the Earth is deformed by temporal variations in thgeographic
distribution of atmospheric mass load. The mass load variations camiginate
from pressure variations, for example seasonal pressure chesigue to air mass
movements between the continents and oceans. Other surfacads caused by
changes in snow and ice cover, soil moisture and groundwater, asllvas ocean
bottom pressure also contribute to surface displacements, buirfthe latter ones
no su cient models are available. The atmospheric load from pressevariations
can be modeled via two basic methods. Firstly, computing the coritgmns based
on geophysical models or simple approximations or, secondly, usingpéical
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models based on site dependent data like meteorological data measuat the
ground station. The order of magnitude of the e ect due to atmgsheric loading
on the location of a ground station is approximately a few millimeter.

Thermal deformation of the antenna

The structure of an antenna can be deformed depending on thenperature and
can therefore cause errors in the position of the antenna. Theseors are in the
range of a few millimeter.

Postglacial rebound

This is due to the slowly raising of the crust of the Earth since the potacaps are
melt and the maximum is in the range of millimeter per year.

The order of magnitude of these e ects are all in the range of cemteter or smaller
(Table 2.1). With the complexity of the models, the e ort of modeling his e ects
can not be justi ed with the higher accuracy and would go beyond # scope of this
work. In this thesis plate tectonic and solid Earth tides e ects are implemented in the
computation of the ground station position which serves an accug at the centimeter
level. A detailed description of the e ects of site displacements andeir accurate
numeric modeling is given inMcCarthy and Petit [2003].

E ect Order of magnitude
Tectonic plate motion cm/year

Solid Tides dm

Ocean Tide Loading cm

Pole Tides mm - cm

Atmospheric Loading mm

Thermal deformation of the antenna mm

Postglacial rebound mm/year

Table 2.1: Summary of the order of magnitude for site displacement e ets (Hennig

[2008]).
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2.7 Data calibration

2.7.1 Introduction

An electromagnetic wave emitted from the spacecraft in order toebreceived at ground
station and vice versa passes the atmosphere of the Earth. Thby the wave inter-
acts with electrons, ions, atoms and molecules contained in the Haratmosphere and
plasma environment. Thus the direction and velocity of propagatioand also the po-
larization and the eld strength of the signal is changed.

The velocity and the wavelength of an electromagnetic wave depenoin the refractive
index n of the surrounding media and is related by the following equation

n= : (2.110)

c
Cn n
wherec s the speed of light, the vacuum wavelength, ana:,, , are the corresponding
values in media with refractive indexn. The refractive index depends mainly on the

dielectric constant, the permeability, and the conductivity of the nedium.

Assuming a simpli ed model of a plane atmosphere with a constant rettivity the
basic e ect of the atmospheric refraction can be described by Sines's law

nsin (z) = sin(zo): (2.111)

Here z, is the zenith angle, i.e. the angle of the incoming ray andthe angle in the
medium with refractive indexn. The signal traversing the atmosphere is bended and
due to the reduced velocity inside the atmosphere, if> 1, a signal is delayed in time.
Neglecting the small bending angle at Earth the path delay caused in a layer with
height h and refractive indexn of the atmosphere is then

1
= h(n 1)5, (2.112)
where = 90 Zy is the elevation angle Montenbruck and Gill [2000]). The
troposphere of the Earth is a non-dispersive media for radio wayes. the refractive
index is independent from frequency, but for the ionospheric cegtion it must be
distinguished between the refractive index of a single electromagicewave (e.g. the
carrier phase) and wave groups (e.g. ranging signals).

The changes in signal path, i.e. frequency changes of the radio sighy the contri-
butions of the troposphere and ionosphere of the Earth have teelyemoved accurately
from the data in order to obtain the frequency, i.e. the Doppler velaty, due to the
motion of a spacecraft. Di erent models for these corrections @shown in the following.
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2.7.2 Modeling tropospheric delays

The troposphere of the Earth ranging from the sea surface levie approximately 8
km at the pole and 16 at the equator consists almost completely ofuteal gas. The
propagation of electromagnetic waves is mainly a ected by the tengpature T, the

atmospheric pressurd® and the partial pressure of water vapoue. The tropospheric
refractive index is always larger than one. The tropospheric refrthon consists of the
refraction caused by the nonwater-vapor components of themabsphere (N, O,, CO,,

and Ar), the dry component, and the contribution of the highly varable water vapour
content of the atmosphere, the wet component. Both have to hmodeled separately.
The tropospheric delay can be computed in general from

tropo — dMa () + wmw () : (2.113)

In the following models for the path delay 4 and ,, in the zenith direction and the

mapping functionsmy ( ) and my, ( ) projecting the delay into the direction of the signal
path for both components are shown.

The tropospheric correction models using the temperatufg in Kelvin, the pressure
P in hPa, the partial water vapour pressuree at ground station in hPa, the latitude of

the ground station and the heighth of the ground station above the reference ellipsoid
in km.

2.7.2.1 Zenith delay

Dry component:

Model from Janes et al.[1991]

h i
4=1:552 105 % ;(40136[K]+14872(T 27315[K])  (2.114)
a

Model from Saastamoinen1972]

22767 103 O P
4= h - hPa (2.115)
1 266 103 & cos(2) 28 10“ h
Wet component
Model from Mendes and Langely1998]
h i

w=0:122[m] + 945 102 % e (2.116)
a
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Model from Ifadis [1986]

h |
w = 554 103[m] 88 10° % (P 1000 [hPa])
h | i
4272 10° 1 e+2:771 MK & (2.117)
hPa hPa T

2.7.2.2 Mapping functions

The mapping function projects the path delay in zenith direction intathe direction of
the signal path according to the elevation angle.

Dry component:

Mapping function from Chao[1972]

1
0:00143 (2.118)

tan +0:00035

mg()= —

Wet component:

Mapping function from Chao[1972]

1

m = — _ 2.119
W( ) sin + tano.cic())():%%ﬂ ( )

2.7.2.3 Comparison

Janes et al.[1991] compared the results from the ray-tracing method with dieent
models for tropospheric delay prediction using a standard atmospte. The ray-tracing
technique divides the atmosphere into small layers with respectiveefraction index
and computes the ray path of the signal separately for each layesing Snellius's law.
Therefore results from this method can be used for testing the@aacy of tropospheric
delay predictions from the di erent models. Janes et al.[1991] found that the zenith
delay model for the dry component fromSaastamoinen[1972] agrees well within a
few millimeters, but models for the wet component show di erences ie centimeter
level with the ray-tracing results. A comparison of ray-tracing rsults with several
mapping functions performed byMendes and Langely1994] show agreements for all
tested mapping functions in the sub-centimeter level.

This agreement can also be con rmed comparing the above de nedoutels as it can
be seen in Figure 2.15(a) for the dry component and in Figure 2.15()r the wet
component. The path delay of the models are projected into the @iction of the signal
using the mapping functions according to equations 2.118 and 2.119.

For data analysis the model fromSaastamoinen[1972] for the dry component and
from Ifadis [1986] for the wet component, and the straightforward mappinguhctions
from Chao[1972] are used.
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(a) Dry component

(b) Wet component

Figure 2.15: Comparison of di erent models for the dry and wet component ofthe signal
path delay caused by the troposphere of the Earth. Used for nading are temperature T =
295.5 K, pressure P = 978.0 hPa and humidity H = 66 %. The mapping functions are
according to equation (2.118) and (2.119)
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2.7.3 lonospheric correction

The ionosphere of the Earth ranges from 50 km to 1000 km. The soe of the iono-
spheric refraction, the ions and free electrons are mainly genezdtby the absorption
of ultra violet radiation from the Sun. Di erent regions can be distingiished by the
electron density: the D region (60 - 90 km), the E region (105 - 160nk and the F
region (160 - 500 km), which can be subdivided into the;Fegion (160 - 180 km) and
the F, region (200 - 500 km). The D and Fregion vanish at night, while the E region
becomes considerably weaker and the Fegion is also reduced. At an altitude of 300
km a maximum electron density of about 1% electrons/m® can be found.

The ionosphere is a dispersive medium, i.e. the refractive index is a €tion of the
frequency of the signal. Neglecting the perturbations due to ionghe contributions
from the magnetic eld of the Earth, and absorption e ects, the imospheric refractive
index is (Hausler [2008)])

n=1 Z=2E: (2.120)

Here, f, denotes the plasma frequency varying from 10 MHz at day to 3 MH# might

s

_ 1 desf
o= 5 moo (2.121)

with the electron number density de, the electron chargeey, the vacuum dielectric

constant o, and the electron massne. The ionospheric refraction leads to a reduction
of the group velocity and an increase of the phase velocity. Bothreections for range

and carrier phase measurements and are

h i
z 4031
= (0 Dds= ——5—TEC (2.122)
0 h i
& 4031 ™
0o = 2 (n 1)ds= 2 ——TEC: (2.123)

Here isTEC the total electron content along the path lengthS. The electron density
of the ionosphere varies with altitude, Sun activity and with local time This makes
it dicult to construct global ionospheric models that predict the electron density
accurately. But the electron density can be measured and used fmrrection of the
contributions of the ionosphere on an electromagnetic wave. ForeBp Space Network
(DSN) ground stations the ionospheric correction can be reconstted from auxiliary
les provided by the Tracking System Analytic Calibration (TSAC) group of JPL.
For measurements recorded at European Space Agency (ESAdgnd stations another
method has to be used because no information is provided by ESA ab@nospheric
corrections. Both methods are explained and compared below.
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2.7.3.1 Correction provided by TSAC

The TSAC group of JPL provides the path delay signature in form of golynomial
which can be computed from the polynomial coe cientsy; via (seeMorabito and Asmar
[1995])

X
ion (tj) = aixl(tj) , (2.124)
i=0
with bt
X () =2 t’ ts ; (2.125)

Heret; is the time stamp at which the correction have to be computeds the start time
te the stop time of the interval for which the polynomial is de ned. Usig the speed of
light c the ionospheric correctiorf 5, scaled to a 2.3 GHZ s frequency at timet; can
be computed from

f ion (tj + t) ion (tj t)

fon ()= t : (2.126)

This is only true for one-way S-band downlink. Appendix A.5.1 containrmulations
from which the correction can be computed for other up- and downk con gurations.

2.7.3.2 The Klobuchar model

Klobuchar [1975] developed a model by representing the average monthly diak be-
havior of time delay at a location on Earth as a simple positive cosine wadependence
with a constant o set term (see alsoParkinson and Spilker[1996]):
(

C if 52> 090

C+ Acos® (- else.

tiono = (2.127)
Here, C is the constant o set, A the amplitude, P the period, the phase of the
function andt the local time at the ionospheric point. Using the rst two terms of he
Taylor expansion of the cosine function:

x2 x4 . 2 (t
tono=C+A 1 Y Wlthx=%i

(2.128)
At the mean ionospheric height of 350 km the zenith angle = sin (0:94798 cos),
where is the unrefracted auxiliary elevation angle and the numerical 0.9489=
a.=(ae + 350km) with a, = 6378:136 km as the mean equatorial radius of the Earth.
The geodetic latitude | and longitude ;| of the sub-ionospheric point is computed us-
ing the auxiliary azimuth angle and the longitude o of the receiving ground station

. = sin (sin gsin( + z)+cos ycos( + z)cos ) (2.129)
1 Cos( + z)sin

= + sin
|
0 COS |

(2.130)
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As ionospheric properties are aligned with geomagnetic latitude ragh than geo-
graphic latitude, the Klobuchar model is formulated in geomagneticoordinates. The
transformation from geodetic to geomagnetic latitude, assumindpat the Earth's mag-
netic eld can be represented by an Earth centered dipole, can behaeved by the
following approximation (Klobuchar[1975]):

| = ; +11:6°cos(, 291): (2.131)

The amplitude A and the periodP can be computed from

A
P

Ao+ Ay 1+ Ay 2+ Az} (2.132)
Po+ Py |+ P, 2+ P3 (2.133)

The slant factor is used to convert into slant time and can be appraxated by

9%6 °

=1+2 — 2.134
sl 90 ( )

Thus, the ionospheric path delay in time is Klobuchar [1975])

x? x4
tiono = sl C + A 1 E 2_4. (2.135)
The ranging delay is then

iono (1) = tiono C: (2.136)

The coe cients Ag; Ai; Az, Az of the amplitude A and Py; P;; P,; P3 of the
period P are available from ftp://ftp.unibe.ch/aiub/CODE/ and are computed from
daily measured global ionosphere map$S¢haer S.[1997]).

2.7.3.3 Comparison

T T T
Callibration provided by TSAC
Calibration with Klobuchar coefficients

In Figure 2.16 the frequency shifts for a
two-way X-band downlink computed from
the polynomial representation of the path
delay provided by the TSAC group and
from the Klobuchar model based on an
ionospheric map for 1 March 2006 areg
shown. Obviously both corrections are in

good agreement and can be used equiva- _|
lently.

uency shift [mHZ]
. © o
T T

[
w

N
T

N
w

3 1 1 1 1 1
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Local time at ground station [hours since midnight]

Figure 2.16: Comparison of the frequency
shift for a two-way X-band downlink com-
puted based on Klobuchar coe cients and iono-
spheric calibration les provided by TSAC for
1 March 2006
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2.7.4 Frequency shift caused by the atmosphere of the Earth

The total frequency shift depending on the uplink frequency,, and the transponder
ratio k for a two-way recording can be computed according teatzold [2004] via:

1+k

fea ()= Tup () —— ( wop N+ iono (1)) (2.137)

where
wop (1) = —F (t+ 1) t"°'° t Y (2.138)
oo (t) = e Y el D (2139)

t

In this equation it is assumed that the elevation angle at the time, whmethe signal is
transmitted from the ground station and when the signal is receideat ground station
equals. This is only true when the spacecratft is close to the grourtdtson. However, for
spacecraft like Rosetta (ROS) this is not true because of the largeund trip light time
t . Therefore, a formulation should be used in which the elevation anglétransmission
and reception is treated separately

k
fcaI (t) = fup (t) E( trop (t) + trop (t t )
+ iono (t) + iono (t t )) : (2-140)

In Figure 2.17 a comparison of the to- ‘ ‘ - ‘ ‘ ‘
tal frequency shift caused by the atmo- | ‘ Tropospheric Calloraion ‘
sphere of the Earth is shown rstly based o= TIOROSEREE CEEEn oM S
on equation 2.137 and secondly on equa- o+
tion 2.140 for a measurement in X-band% 008
(8.4 GHz) for the ROS spacecraft on 5§
September 2009. At the beginning of the§
recording (small elevation angles) a large”
di erence between the corrections accord-
ing to equations (2.137) and (2.140) can 7|
be seen. It decreases during the record- %, 1 > Timefmceos.é‘g,zoo& 552:48[;‘;“5] 7 8 o
ing due to larger elevation angles which

q h heri _ E Figure 2.17: Comparison of the frequency
reduces the tropospheric correction. Of correction for the atmosphere of the Earth in

higher accuracy gquation (2.140) is us_eck-band (8.4 GHz) for the Rosetta spacecraft on
for the computation of the atmospheric 5 september 2009. The red line indicates the

correction in this thesis. correction based on the more precise formula-
tion according to equation (2.140) and the black
line the correction based on a simpli ed model
according to equation (2.137)
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2.8 Orbit determination and parameter estimation

The equation of motion of a spacecraft contains parameter whicteed to be estimated
from the measured data. For example, the initial state vector ohte spacecraft, the scale
factor for the solar radiation pressure or the core parameter ttis thesis, the mass,
and if possible other parameter of the gravity eld of a body. This aabe realized by
a weighted least square estimation method. Applying this method mesa dealing with

the inverse of matrix which may be ill-posed or contain unimportant pameter. The

least square tting method and numerical solutions for the problesiare described in
the following.

2.8.1 Weighted least squares estimation

The basic idea of least square estimation is to nd the model paranestfor which the
square of the di erence between the model data and the measdrdata becomes as
small as possible. Assuming a vector consisting of recorded data

d=(dg;dy; 5 0m)"

and a vector

RVITRTITRVIRS |
X = (Xq;X2; 5 Xn)

containing n free model parameters like the mass of the body. The modgprovides a
link between the model parameters and observations:

g0) = (g ()G (X);Gn (X)) :
Here, g (x) is the value predicted by the model for observatiord,. The dierence
between the model data and the observation is then

=d g (2.141)

In order to compute values ofx such that g(x) matchesd, the partial derivatives of
the modelg is expanded aroundk in a Taylor series

g(x+ x)=g(x)+J x+R(g; x): (2.142)

If the model function g is linear it can be written as

g(x+ x)=g(x)+J x: (2.143)
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J is the (m n) Jacobian matrix also referred to as sensitivity matrix containing
the partial derivatives of the model function

2]

@g
@x

)

@
§ L i ml j n
@a
@x

1
&
X

The partial derivatives in J can be derived analytically for each parameter if an appro-
priate analytical function is available. The analytical expression oftie partial deriva-
tives can become very complex and the numerical implementation dfet corresponding
formulas is quite laborious and error prone. The rigorous computian can be replaced
by a simple di erence quotient approximation. With a symmetric di erential quotient
approximation

@g_9gl*+ x) 904  x). (2.144)
@x 2 X
the partial derivatives are obtained which are correct up to secdnorder in x; (Mon-
tenbruck and Gill[2000]).

So far, all observations are treated equally, but the noise of memsments usually
varies, i.e. the standard deviation ; is di erent. This di erence can be accounted for
by introducing an (m m) weight matrix (Juup and Vozo [1975])

1

0
1
W =diag % ,%:n 2 =% § ; (2.145)

Agreement between the measured data and the model data withspect to the model
parameter can be found by minimizing

ax) = i I Xjy =
= (d gx) IX)W@ gx) Jx)°’ (2.146)
) g?(x) = W 20TW x+JTWJ %: (2.147)

Di erentiation with respect to x leads to

x= JTwJy !

JTW (2.148)
This formulation can be used to estimate in an iterative process a nemodel with new
parameter from the change x in order to minimize the di erence between measured

data and model data Juup and Vozo [1975],Aster et al. [2005]).
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2.8.2 Singular value decomposition

The inverse of the matrix JTWJ in equation 2.148 can be computed numerically
using Singular Value Decomposition (SVD). The SVD for annf n) matrix A with
rank p  min(m;n) is denoted by

X
A=USVT=  suv; (2.149)

i=1
whereU isan(m m)andV an (n n) matrix. U andV are orthogonal matrices

U'u = I, (2.150)
VIV = 1,: (2.151)

S is an (m n) diagonal matrix where each diagonal elemers; is the non-negative
square root of an eigenvalue oA "A. The pseudo inverse oA can now be computed
via

Xyl
Al=vs uT= L (2.152)
i=1 Si
with the so called singular values;
L jfs>0
5 '= - | . (2.153)
ifs; =0:

For numerical purposes this formulation is not appropriate becaass; will not be ex-
actly zero and therefore the inversion will be instable. Additionally v small values of
si would produce very large values of *. For this reason the change of the respective
parameter would be overestimated and result in wrong parametestenation or diver-
gence of the iteration process. A method to solve this problem will explained in the
next section.

2.8.3 Damping factor

The numerical values of; can lead to ill-posedness through irrelevant parameter (zero
singular values ofA ), and unimportant parameters (small singular values ofA). One
way would be to omit terms with small singular values. This would stabilizéhe solution

in the sense that it would make the result less sensitive to data noisBut this would
also reduce the resolution and the model estimation would no longee lnbiased.

The problem can be solved by introducing a damping factor. Equation 2.148
becomes then
x= JTWJ + 2 'JTw (2.154)
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The damping factor can be obtained from the Eigenvalues of the Jacobian matrix
J according toAster et al. [2005] via

= max eig J'W '

This numerical method provides a stable weighted least square esdition algorithm
which can be used to determine the parameter of a model to be tieto recorded data
within an iterative process.

2.8.4 Error estimation

The recordings from Radio Science measurements are a ected bgasurement errors.
These errors in uence the uncertainty of the estimated paramet. The covariance
matrix P contains the estimates for the closeness of the model with the rseeement
data and is de ned as allado [2001])

0 1
2 . .
11 1i 1 i 1n 1 n

P=J"WJ = i1 1 .? in i n (2.155)

. . 2
nl n 1 ni n i nn

with the Jacobian matrix J and the weight matrix W as de ned above. The diagonal
terms are the variances 2 of the estimate and the square root of the variances are
the sample standard deviations j; of each estimated parameter. The 95% con dence
interval, i.e. 1 of the parameterx; is (Aster et al. [2005])

P ___
Xi= 196 Py (2.156)
The factor 1.96 results from
106
1 X2
P e 22dx 0:95: (2.157)

2
1:96
The o -diagonal elements ofP are called covariance terms. They contain the correlation
coe cients ; representing the degree of correlation among the estimated pareter.
Zero indicates no correlation, positive signs a direct correlation, Wé negative signs
imply an inverse relationship. The correlation should be zero or, at Isa very small
(Brandt [1998],Montenbruck and Gill[2000]).
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2.9 Noise reduction lter

The uncertainty in the parameter estimated from the recored datincreases with the
noise of the data. Applying digital Iters can be used to reduce the aise. In the
following only a brief introduction into digital Iter is given, a detailed description

would go beyond the scope of this work. In addition, the Iters whictare used in this
work and the method for selection of the lter are explained.

2.9.1 Noise sources

The noise of the data recorded at the ground station is generatatbstly by the following
sources Patzold et al. [2004]):

Thermal noise essentially by the receiver of the ground station, balso from the
transponder onboard the spacecratft.
Instrumentation errors like quantization errors or reference inability.

The troposphere and ionosphere of the Earth, and the interplatey plasma.
These contributions are modeled and subtracted from the recad data, but not
all contributions can be removed entirely (see section 2.7).

The velocity error , due to the thermal noise of the receiver at the ground station

is given by r
_ 2BN
v aE c (2.158)
and the phase noise of the transponder by fPatzold et al. [2004])
p_
c 2
= I v (2.159)

cis the speed of lightf the frequency, t the sample time,B the receiver bandwidth,
C and N the received carrier power and the noise power density, respeetiw The
transponder phase noise was experimentally determined byRemus et al.[2001] for
Mars Express and Rosetta with a transponder electrical quali céadn model on ground.
A summary of the Doppler velocity errors at di erent distances is gen in Table 2.2.
The total error in X-band in two-way coherent mode of 0.26 mm/s aoesponds to an
error of 14.6 mHz referring to a downlink frequency of 8.4 GHz.

More information about noise sources during Radio Science measuoeats is given in
Yuen [1983] and more detailed information for MEX and ROS can be found fatzold
[2003], andPatzold [2006], respectively.
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at 0.8 AU at 2.5 AU
S-Band | X-Band | S-Band | X-Band
Thermal noise (ground station) [mm/s] 0.90 0.01 2.00 0.03
Transponder phase noise [mm/s] 0.42 0.26 0.42 0.26
Total error [mm/s] 0.99 0.26 2.04 0.26
Table 2.2: The Doppler velocity error in two-way coherent mode at di erent distances for

Mars Express and Rosetta at 1 sec integration time (Patzoldet al. [2004]).

2.9.2 Digital lters

The noise of a measurement can be reduced by applying lter. In genal, a lter can
be considered as a transfer function between any input functiot{t) and the according
output function y(t). Here, digital lters are used, i.e. ltering is applied numerically.
The discrete input sequence

X(t) = Xp = x(n t) n=0;1,2:;N 1, (2.160)

with a time interval t and N samples is related to the output sequenag, in the time
domain via the discrete convolution

y(t)=yn = hjXn j: (2.161)
j=0

In the time domain, digital Iters are characterized by the discreteimpulse response
function h, and in the frequency domain by its discrete Fourier transformatignthe
discrete frequency response functiod,. The input to output relation is according to
the convolution theorem in the frequency domain

Y = H X : (2162)

The discrete input function x(t) is in the frequency domain using the discrete Fourier

transformation
X 1 _
X(f)= X( fk)=Xg= t xqe 2k ™Y (2.163)
n=0

were the frequencyf = k f and the sample frequency f = { = 1. Replacingf

with the new variable (Hausler [200&])
z=ge 2k Tt (2.164)

results in the z-transform of the discrete input function

D( 1
Z(Xp)=X(@2)= t x,2": (2.165)
n=0
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The sum on the right side is thez-transform of x(t). The discrete convolution of
two sequences can be realized by the product of theftransforms (Buttkus [2000]).
Therefore equation (2.162) reads then in the domain

Y(z)= H(2)X(2): (2.166)

The most important class of digital Iters are Iters where the transfer functionH (z)
can be written as the ratio of two polynomials inz:

P
a .z

H@) = S
bz

k=0

with hy =1 : (2.167)

It follows from the input to output relation (2.166) in the z domain

1+bz+ %+ :+ bzt Y(2)=
A2 + a1 2 + i+ ay M X(2): (2.168)

Using that X (z)z¥ is the z transform of the time seriesX; ) it can be transformed to

(yn)+ bl(yn l)+ it h_(Yn L):
Ak, (Xn ko) T g1 (Xn ko 1) i+ @ (Xn m): (2.169)

Therefore the following recursive lter equation is ful lled at any timen

Yo = 8 (Xn ko) et (Xn ko 1) F it am (Xn wm)
b(yn 1) 0 b(yn o): (2.170)

The lter can be classi ed with regard to the coe cients b in equation (2.167). For
nonrecursive lters of nite length all b are all equal to zero fok 1. H(z) is then a
polynomial with zeroes, but without poles. If one of the coe cientsh is not equal to
zero fork 6 O, the lIter is recursive (Buttkus [2000]).

Filters can also be distinguished by their phase response into Zeraagk Iters having
a frequency response that has a phase which is composed entirdlyayoes, and the
frequency response of linear phase Iters and nonlinear phase Htehaving linear and
nonlinear phases, respectively. Zero phase can be achieved bylaomg forward and
reverse ltering, i.e after lItering in the forward direction, then It ering again in the
reverse direction. The result has then a frequency response witbro phase $mith
[1998]).
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(a) Kaiser window Itering with cut-o frequency f. =15 mHz

(b) Kaiser window Itering with cut-o frequency f. =47 mHz

Figure 2.18: Comparison of applied lters. The used data are from the Phobosyby in
July, 2008. Here di erent cut-o frequencies for the Kaiser window are used. In the gure
above the lter reduces not only the noise but also the frequey shift caused by the gravity
eld of Phobos, indicated by the blue line, i.e. the di eren@ betweenf,, and the Itered noise
fn. In the gure below only the noise is reduced becausd, f, is approximately zero.
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2.9.3 Appropriate lter

Not all digital Iters are useful for every type of measurement. Te Iter with its
speci ¢ con guration parameter should reduce only the noise of ¢hdata and leave the
frequency change caused by the gravity eld of the perturbing ity unmodi ed. This
frequency change is di erent for every measurement. For thisason the parameter of
the selected Iter has to be de ned for each measurement sepéely.

Sti el [2008] tested di erent Iters in order to nd the best lter with spe cic con-
guration parameters for each performed yby. Hence predict frequency change$,
are generated and real noisk, from a measurement is added. The lIter is then applied
to the noisy predicted frequency changel,, = f, + f, and in addition to the noise
f, only. Subtracting from the Itered noisy predicted frequency chages the predicted
frequency changes only ltered noisé,, remains. The di erence betweerf, and the
ltered noise f, indicates the quality of the Iter. De ning a limit f, according to the
measurement accuracy, the Iter reduces only the noise if, f, is smaller thanf,.

If f, f, islargerthanf,, the Iter reduces the noise but changes also the frequency
shift caused by the gravitational attraction of the perturbing baly, i.e.

<f, ) only noise reduced

[Mff!}) ["—t?f—n? fi ) f,also modied: (2471)

Figure 2.18 shows two examples for the result of the above descdlbaethod. The
applied Iter was a Kaiser window with two di erent cut-o frequenciesf.. The cut-o
frequency de nes the bandwidth of the Iter. In Figure 2.18(a) the selected cut-o
frequency of 15 mHz seems to be too small and not only noise is restiibut also
the frequency change caused by the perturbing body is modi ed. h€ resulting mass
estimate would be falsi ed. In Figure 2.18(b) the ideal cut-o freqency is selected
which can be seen by the nearly zero di erence (indicated by the blliee) betweenf
andf,.

Sti el [2008] found out with this method that a Kaiser window lter and a movng
average Iter applied consecutively reducing most of the measuremt noise.

The Kaiser window lIter is de ned (Buttkus [2000])

8
2l 1 e o

wk)= T To0) if jki 5t (2.172)
-0 if jkj > %;

with N the number of data points,k = 1, 2 ... N, and the Bessel functiony( ) of
zeroth order |
X o2
lo( )=1+ i' ; (2.173)
k=1 )

The parameter changes the amplitude of the side lobes and the transition bandwidth
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The moving average lIter is de ned by
1 X!
y(n) = M x(n  k); (2.174)
k=0

with n the current time at which the value should be calculated an®! the length of
the time interval used for averaging Buttkus [2000]).

For the analysis of the measured data from close ybys only thesea Iters are used.
Both Iters are applied consecutively in forward and reverse diren ensuring a zero
phase.

The limit f; needed to de ne the cut-o frequencyf. of the Kaiser window Iter and
the time interval M of the moving average lter is computed from the sensitivityGM .
The sensitivity is estimated from an upper and lower limit of the mass Yae and the
resulting upper and lower limit of the amplitude of the frequency chage caused by the
gravitational attraction of the mass, i.e.

GMy, GMp, _ GM
fup 1:Iow f

GMg = (2.175)
This method ensures that the used lIter technique only reduces ¢hnoise level and
does not eliminate any information about the mass of the body in the easured data.
Applying these lIters with a priori estimated con guration parameters decreases the
standard deviation of the measurement noise at least by a factof ® (Sti el [2008]).



CHAPTER 3

Doppler accuracy and curve tting

As described in the previous sections the method in this thesis fortiesating gravita-
tional parameter of a solar system body from Radio Science measments is based on
the di erence between the received frequency at the ground silan f .. and a predicted
frequencyf,e. This frequency is based on the hypothetical unperturbed orbitfahe
spacecraft, all necessary forces are taken into account exctiye force which perturbs
due to the gravitational attraction of the body. When subtracting the frequency shift
fam If the signal propagates through the Earth atmosphere, only theesidual frequency
shift f,es due to the perturbing body remains

fres = fmes f pre fam : (3.1)

Radio Science observations without any perturbation due the graational attraction
of Phobos are used to determiné s, i.e. the accuracy of the used models. The
frequency residuals are not equaling zero, but all used observatdhaving small o sets
in the order of a few tenth of mHz typically between 10 mHz and 20 mHat X-band
(8.4 Ghz). This is in the order of the Doppler velocity error due to thenal noise at
the ground station and transponder phase noise of 0.26 mHz14.6 mHz at X-band in
two way mode. In Figure 3.1 typical frequency residualses from three measurements
illustrating these o sets. These measurements have mean o sealues of 15.2 mHz,
-8.9 mHz and-6.7 mHz, respectively. It can be seen that the frequoy residuals are not
constant o sets, i.e. they are having change rates or slopes. Ttigee measurements in
Figure 3.1 showing slope values of 1.8 mHz/h, 0.6 mHz/h and 4.9 mHz/lespectively.

The same is true for close ybys, i.ef es contains usually not only the frequency shift
due to the perturbing body but also uncertainties due to the choicef the initial state
vector, the scale factor of the solar radiation pressure and measment noise caused
by thermal noise or systematic errors. In Figure 3.2 the theorettfrequency shiftf e
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Doy 5, 2006
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Figure 3.1: Di erence between predicted and measured frequency for tee measurements.

(blue line) and the true frequency shift of the rst guess for the Robos yby in 2008 is
shown. The initial state vector is taken from the orbit SPICE kernks of MEX provided
by ESOC, the scale factor for the solar radiation pressure ks= 1.3 and the mass of
Phobos was assume@M = 0.712 10 3 km®/s2,

Obviously, both measured and predicted frequency shift are notigned. But for a
precise estimate of the gravitational parameter of the perturbop body it must be en-
sured that the constant o set and the linear trend at the beginnig of the measurement
when the gravity eld of Phobos does not signi cantly e ect the frequency equals zero
as it is for the predicted frequency shift in this time range.

Therefore the constant o set is intro-
duced as a tting parameter to ensure
that the rst data points of f,es and off e
are aligning. The constant o set accounts
for the uncertainty in the initial position
of the spacecraft because only informa-
tion about the velocity can be obtained
from Doppler data. The initial velocity of
the spacecraft taken from the orbit SPICE | |
kernels as a rst guess is therefore consid- g — T om0 wom w0 ww o s
ered as a tting parameter and estimated e s—
during the tting process. The same is

Frequency change due to Phobos gravity field [Hz]

Figure 3.2: First guess frequency residuals
of the Phobos yby in 2008. The blue line in-

done for the scale factor of the solar ra- dicates the predicted frequency shift due to the
diation pressure. Both tting parameter gravity eld of Phobos (GM = 0.712 10 3

ensure that the linear drift caused by the | n3/52 ) and the gray line the frequency resid-
uncertainty in the initial values will van- yajs f .
ish.



CHAPTER 4

Physical properties of the target bodies

The ESA Rosetta (ROS) spacecraft performs during the journdy its main target 67P
Churyumov-Gerasimenko the yby of two main belt asteroids: 286%teins, visited in
September 2008, and 21 Lutetia, whose yby is scheduled for Julp20. The yby at
Steins is analyzed and for the Lutetia yby feasibility studies are domand shown in the
next chapter. The Mars Express spacecraft has also performegtbys at the Martian
moon Phobos which are also analyzed and the results are shown artdnoreted in the
next chapter. Therefore in the following the physical parameterfahe bodies are given.

4.1 The asteroid 2867 Steins

The asteroid 2867 Steins was discovered in 1969 by N. S. Chernykhis classi ed as
a member of the main asteroid belt and is orbiting the Sun in a perihelionsiance of
about 2.018 AU, a semi major axis of about 2.363 AU and with inclinationf 0.146 in
3.63 years JPL [2009]).

The size of Steins was estimated using images (see Figure 4.1) frora imaging
instrument OSIRIS (Optical, Spectroscopic, and Infrared Remet Imaging System)
onboard ROS. The mean radius of Steins is 2.7 0.3 km, the volume is 78 30 km?®
by constructing a 3-dimensional shape model from the images takat the yby in

September 2008 Eesse et al[2009]). The dimension of Steins have been determined

to be 5.73 0.52, 4.95 0.45, and 4.58 0.41 km from ground based measurements
(Lamy et al. [2008]).

Three di erent types of craters were observed on the surfacd Steins (Fig. 4.1).
Small craters are randomly distributed. A chain of craters at thedp of the asteroid
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and one large crater of 2.5 km diameter are approximately 43% of thergest axis of
Steins Burchell and Leliwa-Kopystynski2009]).

The spectra of Steins obtained from a ground based observatibnampaign shows the
typical behavior of E-type asteroids, in particular of the E[ll] sulgroup. The spectrum
is usually attributed to sul des like troilite and oldhamite. It was also cacluded from
the observations that Steins has a quite homogeneous surfaceposition (Dotto et al.
[2009]).

Figure 4.1: Asteroid Steins seen from a distance of 800 km, taken by the SIS imag-
ing system on board ROS from two di erent perspectives (Sowe: http://www.esa.int/
esa-mmg/mmg.pl?b=b&type=I&mission=Rosetta&start=1

4.2 The asteroid 21 Lutetia

The main belt asteroid 21 Lutetia was discovered on November 15,5P8by Herman
Mayer Salomon Goldschmidt at the observatory of Paris. The speet classi cation of
Lutetia ranges from M-type to C-type Birlan et al. [2004]) and all available information
about Lutetia suggests a primitive composition. Some of the physicparameters of
Lutetia are summarized in the following Table.

Parameter Lutetia
Taxonomic type C (M)
Albedo 0.221 0.20
Diameter [km] 955 41
Density [] 20 1.0
Semimajor axis [AU] 2.435
Eccentricity 0.164
Inclination [deg] 3.064
Synodical rotation period [h]| 8.17 0.01

Table 4.1: Summary of the physical parameters of the asteroid Lutetia. ®ues are taken
from Barucci et al. [2005] and Madller et al. [2006] except fo the density values which are
assumed values based on the taxonomic type.
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4.3 The Martian moon Phobos

Asaph Hall discovered 1877 the two moons of Mars, Phobos and Desn Phobos is
the larger of the two Martian moons. The rst pictures from Phobs were taken from
Mariner 9 in 1971. Subsequent missions expanded the knowledge bblBos but there
are still some questions remaining unsolved. In the following the cent knowledge is
summarized for later interpretation based on the results obtaineftom close ybys of
Mars Express (MEX).

4.3.1 Shape, topography and volume

Phobos is irregularly shaped and be-
cause of its small size not able to form an
uniform sphere by its self gravity. The
shape of Phobos can be described as an
ellipsoid with principal axis a = 13.4
0.5km,b=11.2 0.5kmandc=9.2

0.5 km (Seidelmann et al[2001]). The
surface is covered by a large number of
impact craters. The largest feature on
the surface is the Stickney crater (Fig.
4.3) with a diameter of approximately
10 km.

The surface shows some grooves (Fig.
4.2) with a width of 100 - 200 m, a max-
imum depth of 30 m and a maximum Figure 4.2: Grooves on the surface of

length 20 km (Thomas et al. [1992]). Phobos (Source: http://www.esa.int/
The grooves can be grouped into 12F;sa-mmg/mmg.pI?topic:&subtopic:
families of di erent ages. The grooves g s bm1=GO&keyword=Phobos )

seem to be chains of secondary impacts

formed from Mars impact ejecta Murray et al. [2006]).

Duxbury[1989] andDuxbury and Callahan1989] developed a model for the shape of
Phobos based on a spherical harmonic expansion to degree andceosix using a control
network of surface features. This model was later expanded Buxbury [1991] using
a spherical harmonic expansion to degree and order eight. Cottrens by analytical
expressions for the Stickney crater and additional craters havgeen applied. The
resulting volume is computed to 5680 250 km? (Duxbury [1991]).

Thomas [1993] developed a numerical shape model of Phobos using both linma a
stereogrammetric data from Mariner 9 and Viking Orbiter achieving aolume of 5748
190 kn¥.

A new control point network for Phobos was recently establishedybWVillner et al.
[2009] from image data obtained by the Super Resolution ChannelRS) of MEX. It
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includes 665 surface control points and a spherical harmonic feienn model to degree
and order 17 was derived. The volume was computed from the model5689.8 60
km3. This volume estimate shows a considerable small error comparedthe previ-
ous volume estimates fronDuxbury [1991] andThomas[1993] and is used for density
estimations in section 5.1.2.

Figure 4.3: The Stickney crater and other surface features of Phobos (Sae: http:
[lwww.esa.int/esa-mmg/mmag.pl?topic=&subtopic=&subm1 =GO&keyword=
Phobos)

4.3.2 Mass

There is a long history of the mass estimation of Phobos. In Febryal977 the Viking
Orbiter 1 (VOI) performed 17 close ybys with closest approach dimnces from 80
km to 350 km. Dierent mass estimates have been achieved using thracking data
(Christensen et al.[1977], Tolson et al. [1977], Tolson et al. [1978], Williams et al.
[1988]). The results from this estimates vary over a broad rangeeés Table 4.2).

The Phobos 2 mission was inserted into a quasi-satellite orbit arounch&bos on 21
March 1989 and rendezvoused with Phobos, ying within 500 km to Ribos for 22 orbits
until 27 March 1989. The tracking data sets from these ybys weranalyzed byKolyuka
et al. [1990] and resulted in a mass estimate with a very small error bar és&able 4.2).
No information is available about how the formal error has been estated. It is not
clear in which way the data have been analyzed. MEX is the rst spaceft since the
ybys from the Phobos 2 mission which is able to perform close ybysd{stances below
500 km) at Phobos.
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The reanalysis of the VOI and Mariner 9 (M9) tracking data are doney Smith et al.
[1995] using distant encounters only. The derived value seems tovaey low compared
to results from the close ybys.

On November 7, 1996, Mars Global Surveyor (MGS) was launcheadn Cape Cana-
veral and inserted into its orbit around Mars in September 1997. Enhorbit of MGS
was nearly circular with an periapsis altitude of 380 kmYuan et al. [2001]). A new
gravity model for Mars was derived using VOI, Viking Orbiter Il (VOII), M9 and MGS
radiometric tracking data to degree and order 85. The mass of Phos and Deimos
were adjusted simultaneously with the gravity coe cients of Mars Yuan et al. [2001]).

Based on the larger database of tracking data, i. e. 6 years of M@G8d 3 years
of Mars Odyssey (ODY), a higher degree and order Mars gravity lé was estimated
by Konopliv et al. [2006] (see section 2.5) and the mass of Phobos and Deimos are
estimated in the global solution of the gravity eld of Mars. The yby data from VOI
were reprocessed with this latest model for the orientation and a&yrity of Mars.

The latest estimate of the mass of Phobos was derived Rosenblatt et al.[2008]
using radio tracking data from MEX over the period of 2004 to 2008n this work the
tracking data were used to t a model of the MEX motion. The mass foPhobos and
Deimos were also estimated based on an improved model of the epbrades of both
moons.

The results of all mass estimates are summarized scaled to the fatnerror of one
standard deviation in Table 4.2. The latest mass estimates of Phobase all based on
distant encounters. All estimates from distant encounters shoextremely small errors
which are driven statistically by the number of used tracking data.

GM [10 3 km°] Data Referenz
0.66 0.08 4 VOI ybys in 90 - 220 km  Christensen et al.[1977]
0.73 0.07 11 VOI ybys in 90 -220 km Tolson et al. [1977]
0.66 0.04 17 VOI ybys in 80 - 300 km Tolson et al.[1978]
0.85 0.07 8 VOI ybys in 100 - 209 km Williams et al. [1988]

0.722 0.005 Phobos 2 orbiting Kolyuka et al.[1990]

within 500 km, 22 orbits
0.587 0.033 M9, VOI and VOII Smith et al. [1995]

distant encounters
0.7138 0.0005 M9, VOI, VOIl and MGS Yuan et al. [2001]

0.716 0.00005 MGS and ODY, Konopliv et al. [2006]
VOI ybys (90 - 200 km)
0.711 0.0002 MEX tracking data Rosenblatt et al.[2008]
Table 4.2: Previous mass estimates of Phobos. The formal uncertaintiesorrespond to

one standard deviation. No information about the formal eror is available for Kolyuka et al.
[1990], Williams et al. [1988], Tolson et al. [1977] and Chrigensen et al. [1977].
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4.3.3 The Orbit of Phobos

Phobos is located at a distance of 2.8 Mars radii (Ry ) from the center of Mars and
within the synchronous orbit of 5.9 Ry, along which the mean motiom of a satellite
is equal to the planetary spin period . The orbit of Deimos is beyondtie synchronous
position at a distance of about 6.9 (Ry ). The tidal bulge caused by the tidal forces
raised on Mars by Phobosr{ > ) lags the inner satellites position. It exerts thereby a
retarding torque on the satellite and causes Phobos spiraling toves Mars. The tidal
force in case of Deimosn(< ) pulls it forward and therefore Deimos is spiraling away.
Phobos and Deimos are on nearly circular equatorial orbits. The rtion has been
synchronized with their orbits by tidal forces {everka and Burns[1980],Peale[2007]).

The accuracy of the ephemerides has increased in the last yearse da a lots of
tracking data from spacecrafts orbiting Mars. It was found fro'SRC measurement
onboard MEX that there are inconsistencies in the orbit predictionef Phobos which
resulted in o sets of 12 km and -2 km in along track direction and 1 km and 8 km in
across track direction in the models provided by JPL and ESOC, resgtively (Oberst
et al. [2006]).

New ephemerides have been computed based on new observatibasey et al.[2007]
used earth-based and spacecraft observations from 1877 t®2Q@ith an accuracy of
roughly 1 km. This error seems to be small compared to other soluti® It is not
explained in detail how this error was estimatedWillner et al. [2008] used astrometric
measurements on the basis of 69 SRC images obtained from 28 clod®s from MEX
preformed between 2004 and 2007. It was reported that Phoheshead of its predicted
position along track of 1.5 - 2.6 km. The latest ephemeris provided Iacobson2008]
includes also recent Earth-based and MEX observations and theesigma ephemeris
error is computed to be 2 km in the radial and out-of-plane directions and 5 km
in the in-orbit direction.

Figure 4.4 shows a comparison between the ephemerides flamey et al. [2007] and
Jacobson2008] based on SPICE kernelainey_pho_dei.bsp and MARO80S.BSP
both available from NAIF [2009]. There is no SPICE kernel available referring to
Willner et al. [2008]. The SPICE kernel MAR033_HRSC_ VO03.BSP refers to Oberst
et al. [2006] and is less accurate (3 km in radial and out-of-plane direction and 15
km in-orbit direction). The comparison between the latest models arshown in Figure
4.4 and it is obviously that both models are in agreement within their ears.
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Figure 4.4: Comparison of Phobos ephemerides from Lainey et al. [2007] dnJacobson
[2008] for a time period of 3.5 days around the yby in July 20@.

4.3.4 Spectral properties

Although there are numerous surface

spectra of Phobos obtained from dier-

ent spacecrafts and from ground based

measurements with di erent wavelengths,

it was not possible to draw a consis-

tent picture of the surface composition.

A summary of most spectral measure-

ments of Phobos is given in Table 4.4.

Early measurements from Mariner 9 (M9)

and the Viking Lander 2 (VL2) compared

the spectra with the C-type asteroids

Ceres and Pallas but also with laboratory

spectra of carbonaceous chondrites and

basalts. Similarities between the spectra

of carbonaceous chondrites and with theFigure 4.5: Comparison of the two spec-
C-type asteroids were found. From this tral units of Phobos with the main belt aster-
comparison it was concluded that Pho- oids 1867 Deiphobus and 336 Lacadiera of type
bos is a captured C-type asteroid Rang D and 233 Asterope of type T (Source: Rivkin
et al. [1978], Pollack et al.[1978]). But St & [2002)

this measurements were limited by the spectral range and by incofete coverage of
the surface of Phobos.

From later ground based and spacecrafts measurements it waseméd that the sur-
face of Phobos shows spectral heterogeneity, i.e. the surfat€’bobos can be divided
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into two fundamental spectral units. The Phobos bluer unit (PBU)(Fig. 4.5) which is
associated with the Stickney crater corresponds roughly to thealding hemisphere (lon-
gitudes from O to 180 ) of Phobos with a typical visible-wavelength albedo of 6 - 7 %.
The Phobos redder unit (PRU) (Fig. 4.5) corresponds mainly to ther&iling hemisphere
(longitudes from 180 to 360 ) and has also a low visible-wavelength albedo of 5 - 6 %
(Murchie and Erard [1996]).

Later measurements show also that the
spectra of Phobos can not be matched by
C-type asteroids as is was suggest primar-
ily. Both spectral units of Phobos are
bracket by D-type asteroids but the PBU
provides also a good match with T-type
asteroids Rivkin et al. [2002]). The com-
parison with the main belt asteroids 1867
Deiphobus and 336 Lacadiera of type D
and the 233 Asterope of type T with both
spectral units can be seen in Figure 4.5.
From this follows that Phobos originate
from the outer part of the asteroid belt if

it is a captured asteroid .

) ) Figure 4.6: Comparison of the bluer unit
Asteroids are considered as parent bod-

of Phobos to thermally metamorphosed CM
ies or the source of meteorites therefore,qteorites (Source: Rivkin et al. [2002])
meteorite analogues of asteroids can be

used to identify some physical properties like grain size due to theaahability of labo-
ratory analysis of the according material. Comparison with meteogt analogues shows
that the best match to the PBU seems to come from strongly heatecarbonaceous
chondrites. In Figure 4.6 the comparison of the PBU to a sample of aMCchondrite
heated to 700 C is shown. But the good analogy can only be achievedthe PBU and

is not true for the PRU (Rivkin et al. [2002]).

Carbonaceous meteorites can be classi ed into two main groups. $ily the low
grade chondrites, characterized by signi cant water content ahlow Fe and secondly
the most dry high grade chondrites. The low grade chondrites casts of Cl and
CM chondrites having a visible wavelength albedo ranging from 3 - 5 9Br{tt and
Consolmagnd2000]). The high grade chondrites can additionally be distinguished be
their Fe-content. CO, CV having low Fe-content and CR carbonacels chondrites are
Fe-rich (Britt et al. [2002]). High grade chondrites having a visible wavelength albedo
of 8 - 20 % @ritt and Consolmagno[2000]). Usually CI chondrites have 10 - 20 % water
and CM chondrites 5 - 10 % water and this results in 3m band depths upward 50 %
(Rivkin et al. [2002]). But in the spectra of Phobos only weak or no absorption diue
H,O at 3 m can be found. In addition only weak ma ¢ mineral absorbtion was tod
which indicates low Fe-content (Table 4.4). The according bulk and gmn density of
the above carbonaceous chondrites are shown in Table 4.3.
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There is only one meteorite as an analogue for D- and P-class astéyahe Tagish
Lake carbonaceous chondrite. As mentioned above the spectfal® PBU and PRU are
bracket by D-class asteroids and the Tagish Lake carbonaceotm®mdrite representing
these outer belt asteroids. Its bulk density is low compared to its gin density (Table
4.3) which suggests a porosity of 40 %H{ldebrand et al.[2006]).

. Bulk density | Grain density | Porosity

Meteorite analogue [g/cm 3] lg/cm 3] (%]
ClI (Ivuna group) 2.12 2.27 11
CM (Mighei group) 2.21 2.71 12
CO (Ornans group) 3.11 3.69 16
CR (Renazzo group) 3.15 3.11 6

CV (Vigarano group) 3.10 3.51 11
Tagish Lake 1.64 0.02 2.72% 1% -

Table 4.3: Bulk density, grain density and average porosity of meteoté analogues (Britt

et al. [2002], Hildebrand et al. [2006]). No value for the avege porosity of the Tagish Lake
meteorite is available.

Although no meteorite analogue can be found for Phobos which emtly ts the
spectra of Phobos, due to the absence of the,® absorption band at 3 m and the
weak ma c mineral absorption band Phobos seems to be a high gra@® or CV
chondrite in sense of its meteorite analogues. But the visible waveigh albedo of
Phobos and low grade chondrites are in agreement whereas the hgghde chondrites
having a signi cant higher albedo. Hence low grade chondrites seeras be better
suited as a meteorite analogue of Phobos than high grade chondsiteecause changing
the albedo is more di cult than surface dehydration by space weatkring e ects (Moroz
et al. [2004]). In addition, the Tagish Lake carbonaceous chondrite calsa be used as
a meteorite analogue because it represents the outer belt D- anecRss asteroids. But
its representation is limited by the fact that it is the only sample metente available so
far for these asteroids.

Observation Wavelength Conclusions
M9 @ 0.255-345 m s - c y
VL2 @ 04-11 m pectra similar to C-type asteroids

Phobos 2® 0.716 - 3.14 m | Spectral heterogeneity at km scale

and a weak hydration signature

HST @ © 0.21-0.80 m Spectra similar to D-type asteroids

Phobos 2©® 0.33-3.16 m Spectral heterogeneity with two fundamental
units (the Phobos bluer unit (PBU) and

the Phobos redder unit (PRU))

Little or no absorption due to HbO at3 m
and weak ma ¢ mineral absorption at 1 m
Surface material may be rich in mac
continued on next page
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Observation

Wavelength

Conclusions

minerals and a ected to di erent degrees by
space weathering or surface could consist
of a mixture of ma c-poor material
(possibly resembling D-type asteroids)

and ma c-rich material

IMP @

0.2-1.0 m

Possible broad, shallow absorption-like
0.7 m feature

Comparable red to D-type asteroids
Comparable to lowest albedo
space-weathered ma c assemblages,
such as some lunar mare soils

IRTF ®

1.65-3.5m

Two di erent spectral units

No evidence for hydration band at 3 m
within 5-8%

No evidence for 2 m pyroxene within 4-5%
D-type asteroids span the range of spectra
from the PBU to the PRU

T-type asteroids provide a good

match for the PBU

Strongly heated carbonaceous chondrites
provide the best match for the PBU

Phobos 2®)

0.33-3.16 m

Two bands in lower albedo areas at 1.04m
and 1.9 m detected

Both features could correspond to a mixture
of olivine (1.04 m) and low-calcium
pyroxene (1.9 m)

Possible shallow hydration band in small
areas with a depth of about 10%

CRISM (19
onboard MRO

0.362-3.92 m

No evidence for1 mor2 mmac
mineral absorptions

No evidence for 3 m absorption due to
bound water due to organics

OMEGA ®1
onboard MEX

0.35-5.10 m

No evidence for hydration band or
of organic material

Table 4.4: Summary of results from spectral measurements of Phobos. Thaccording
references are indicated by footnotesP) Pollack et al. [1978], @ Pang et al. [1978],® Bibring
et al. [1989], ¥ Zellner and Wells [1994],® Murchie and Zellner [1994], ® Murchie and Erard
[1996], ) Murchie [1999], ® Rivkin et al. [2002], ® Gendrin et al. [2005], @9 Murchie et al.
[2008] and V) Gondet et al. [2008])
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4.3.5 Origin

The origin of both Martian moons presents an inconsistency which isohsolved so
far. Explanations for the origin of Phobos seems to be connectedtiwthe origin of
Deimos. Therefore, the origin of both moons are discussed herénefe exist two main
theories, one that argues for accretion in orbit and the other thiaghe Martian moons
were formed in the outer part of the asteroid belt and captured lar by Mars. Both
main theories are explained in the following.

4.3.5.1 Capturing

Separately capturing:Based on the spectral similarities of Phobos (see section
4.3.4) it was suggested that Phobos could be formed in the outer paf the
asteroid belt and then captured by the gravitational attraction d Mars. But this
suggestion raises some problems. Assuming Phobos is a capturddragl the
hyperbolic orbit of an asteroid must be transformed into a bound pteetocentric
orbit. This process must compensate the energy dissipation nezamy for this
orbit change somehow. But the energy dissipation can not be raisedly by tidal
friction.

One explanation accounting for the necessary energy dissipatiooutd be aero-
dynamic drag. The drag usually take place in a nebula surrounding Mashortly
after its formation. But the capturing process at many planetaryradii requires
a fairly substantial nebula and in this nebula the rapid evolution would ause
the captured body to fall quickly to the surface of MarsBurns [1992]). At large
distances the orbit would not evolve rapidly but it is unlikely that the bady to be
captured can be decelerated enough to go into a bound orbit araiMars.

Another energy dissipation mechanism could be the collision betwedretasteroid
to be captured and another small body already orbiting Mars in beten its Hill
sphere or from the collision of two unbound small bodies leaving one wisignif-
icant energy loss to be capturedReale[2007],Jewitt and Haghighipour{2007]).

But captured bodies usually have non-circular orbits not aligning witlthe orbital
plane of the central body, i.e. having signi cant eccentricity and inmation as it
is the case like for the irregular satellites of SaturnGladman et al.[2001]), but
the orbit of Phobos and Deimos are nearly circular and close to the wgorial
plane of Mars.

In addition, Szeto[1983] raised problems besides the unexplained energy dissipa-
tion needed in the capturing processes. Collision probabilities betve®hobos
and Deimos based on orbital evolution models show that Phobos anceibhos
would most probably have collided at some stage of their evolution if ¢y are
captured asteroids.

Capturing of a large body:Another suggestion is that Phobos and Deimos could
also be formed from one single large body which is also captured. Qaptg of a
large body is dynamically easier due to the larger tidal friction which iskde to
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account for parts of the energy dissipation needed to changerfrdwyperbolic orbit
to circular orbit ( Burns [1992],Singer[2007]). But if Phobos and Deimos originate
from the same parent body both should have the same spectraloperties but
Deimos is spectral homogeneously in contrast to the heterogensly spectra of
Phobos (see section 4.3.4).

The capturing theory raises problems which are not solved so fargpite which cap-
turing scenario is selected. Therefore it seems unlikely but not immsisle that Phobos
is a captured asteroid.

4.3.5.2 Accretion in orbit

Originating in the vicinity of Mars: Another possible explanation for the origin of
Phobos and Deimos is that they are build from a debris disk remainingoim the
formation process of Mars. This forming process is the usual oneserved for the
regular satellites of the giant planets Peale[2007]) and the process responsible
for the agglomeration of the Martian moons might be similar to it, althagh in
the rst one gas-dominated accretion was more probable. Phobasd Deimos
satisfy the orbital criteria for regular satellites by their nearly cofanar, circular
orbit (see section 4.3.3). But Phobos and Deimos should also be cosgub of
similar material like Mars if they were nal remnants of the nebula fron which
Mars itself grew. But this is not the case which can be seen by compay the
spectra of Phobos with locations on MarsRibring et al. [1989]). Mars has also
a signi cant higher mean bulk density of 3.9335 0.0004 g/cn? (Kie er et al.
[1992]) than Phobos and Deimos.

A possibility to solve this inconsistency can be that a body formed in #hdebris
disk remaining from the formation process of Mars could be collided Wia plan-
etesimal formed in the asteroid belt region and a new debris disk wasrhed from
the shattering of this bodies. But in order to build a debris disk the m@maining
pieces of the collision should be very small and of large numbé&tegle[2007]).

Debris disc remaining from a collisionAlternatively, Phobos and Deimos could
be formed from a debris disk remaining from the collision of a larger bypavith
a diameter of about 1800 km with Mars itself Craddock[1994]). The impact of
this large body could account for the relative high rotation rate of Mrs which
is dicult to explain without an impact. A possible impact location could be
the 7700 km Borealis basin but the are existing other impact basin ondvks from
which enough debris could have been placed into the orbit around MarIf the
impacting body would consist of carbonaceous chondrite some ofetlorbiting
material could also be of this type Craddock[1994],Peale[2007]).

Both theories seems to be possible, but the spectral di erencettyeen Mars and its
both moons can not be explained entirely with both theories.



CHAPTER 5

Results

5.1 Phobos

Mars Express (MEX) has performed two close ybys at the Mars man Phobos in
March 2006 and July 2008. In the following the yby parameter of ezh yby and the

resulting mass estimate is shown. Based on the mass estimate thigiarof Phobos is
discussed.

5.1.1 Results from close ybys

MEX is in a nearly polar or-
bit about Mars and Phobos in a
nearly equatorial orbit (see sec-
tion 4.3.3). The con guration
for a close yby is that MEX
is approaching Phobos from the
North pole direction, entering
the equator of Mars where the
closest distance between MEX
and Phobos is achieved and
leaving Phobos in the direction
toward the South pole (gure

5.1). Figure 5.1; Usual geometry for ybys of MEX at Pho-
bos.
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5.1.1.1 The yby on 23
March 2006

MEX performed one close yby at Pho-
bos at a distance of 459 km on 23 March
2006. The data were recorded at the 70 m
ground station of the Deep Space Network
(DSN) near Madrid (DSS-63). The rela-
tive yby velocity between MEX and Pho-
bos was 2.8 km/s and the angle between
the Line of Sight (LOS) and the veloc-
ity component of MEX relative to Pho-
bos increased from 96(1 h before Closest NS S S S S S S S S S

Approach) to 105 at CA and decreased Cut ot requency of Kaise e 12
again after CA. Figure 5.2: Di erence between the fre-
quency change of the Itered and un ltered
In gure 5.4 the frequency residual$ res  measurement data for the minimum (0.70

according to equation (3.1) indicated by 10 3 km®/s2) and maximum condition (0.73
the gray line, i.e. the frequency recorded 10 3 km3/s2) for di erent cut of frequencies
at ground station after subtracting the f. of the Kaiser lter for the Phobos yby in
predicted frequencyf,. and the contri- 2006.
bution of the Earth's atmospheref 4, is

shown. The residuals are referred to an 1
uplink frequency of 7.167317664 GHz.
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The noise of the frequency residuals
is reduced by applying consecutively a
kaiser window Iter and a moving average
Iter (see section 2.9). The appropriate
parameter of both lIters, the cut-o fre-
quencyf . of 57 mHz and the sample time

t of 40 seconds, are estimated usinga * | —
lower and upper limit of the GM of Pho- P eotaton e o movng averageseconasl
bos. As it can be seen from Table 4.2 inFigure 5.3 Di erence between the fre-
section 4.3.2 theGM of Phobos from the duency change of the ltered and un ltered

past measurements lies well within 0.7omodel data for the minimum (0.70 10 °
and 0.73 10 3 km3/s2 which is used for Km*/s?) and maximum condition (0.73 10 3
km3/s?) or di erent sample times  tmoy Of the
moving average lter for the Phobos yby in
2006.

o o o o o
) w > o o
T T T T T

Differenz between filtered and unfiltered predcict [mHz]

o
e

estimating the above mentioned lIter pa-
rameter in gure 5.2 and 5.3. The result-
ing ltered data are indicated in gure 5.4
with the red line.

If the amplitude of the frequency residuals changes for this ybyyb0.1 mHz, the
GM would change by @1 10 3 km3/s2. However, the selected upper limit of 0.1 mHz
for the change of the frequency residuals by the applied Iter canoh be achieved due
to the selected cut-o frequency and time interval. Therefore, e e ect of the applied
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lter on the GM estimate of Phobos is lower than:01 10 3 km3/s2. This value is based
on the sensitivity of 02 10 4 km3=s> mHz. It is deduced from two frequency shift
estimates with di erent GM values and the resulting maximum in amplitude di erence.
In conclusion, the applied lters reduce the standard deviation ofte frequency residuals
by more than a factor of three from 6.56 mHz to 1.71 mHz.

A problem in tting the model data indicated in gure 5.4 by the blue line to the
ltered measurement bears the late start of the recording whichtarted approximately
15 minutes before CA. It seems that the contribution from the gnatational attraction
of Phobos was large enough for being visible in the recorded data. iMore data before
CA are available which can be used for estimating initial parameter likéne state vector
independently from theGM estimate.

In the tting process the initial velocity v, of the spacecraft, the scale factok for
the solar radiation pressure and th&sM of Phobos are simultaneously estimated from
the ltered frequency residuals. A constant o setf, aligning the model data with the
frequency shift is estimated separately. The di erence betweehé model data and the
frequency residuals is minimal after a few iterations. The parameteare estimated to

Vyini = 826953812 0:049 mm/s
Vyini = 2525415091 0:008 mm/s
Vo.inik = 2546618020 0:005 mm/s _
GM = 0:7120 0:011 10 3 km3=s?
k = 1:300 0:137
fo = 1201 0:04 mHz

The initial velocity diers in the X, y, and z direction from the orbit provided by
ESOC by -0.032 mm/s, 0.025 mm/s and -0.025 mm/s, respectively. Tée di erences
are in the range of the orbit error from ESOC del Rio [2006]).

Taking into account the uncertainty of the GM estimate due to the uncertainty of
the constant o set f, of 0.04 mHz 0.45 10 ° km®=s? the nal result from the yby
in 2006 of theGM estimate reads

GM =0.7120 0.012 10 3 km3/s?2.

Obviously the error of the estimate is driven by the short recordinghase before CA
at Phobos and the large yby distance.
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5.1.1.2 The yby on 17 July 2008

In July 2008 MEX performed three con-
secutive ybys at Phobos. The yby at a
distance of about 275 km on 17 July 2008 £, " Vasimm Conditon
was used by MaRS for a precise mass es-
timate. The data were recorded at the
NASA 34 m tracking station near Madrid
(DSS-65). The relative yby velocity be-
tween MEX and Phobos was 3.0 km/s and
the angle between the Line of Sight (LOS)

0.71

0.6

0.5F

0.4

1 N\mm

Difference between filtered and unfiltered predict [mH:

and the velocity component of MEX seen  ° | R T \/ \/ \V
from Phobos increased from 3§81 h be- ' RN '
fore Closest Approach) to 88at CA and Figure 5.6: Di erence between the fre-
decreased after CA. quency change of the Itered and un ltered

measurement data for the minimum (0.70
The parameters for this yby are opti- 10 3 km3/s2) and maximum condition (0.73
mal compared to the yby in 2006 (Fig- 10 3 km?3/s?2) for di erent cut-o frequencies
ure 5.5). The maximum frequency shift f. of the Kaiser Iter for the Phobos yby in
caused by the gravitational attraction of 2008.
Phobos is 110 mHz, the recorded fre-
quency referring to an uplink frequency .

of 7.167131904 GHz. Lot

0.8

The same procedure for estimating the
appropriate lter settings is applied as de-
scribed above for the yby in 2006 with
the same lower and upper limit for the
GM of Phobos. The resulting lter pa-
rameter f. and t,, are 30 mHz and
15 seconds, respectively (see gure 5.6 S
and 5.7). The applied lter reduce the S regrstontime ot movmg aveege (oconcy
standard deviation of the measurementFigure 5.7: Di erence between the fre-
from 7.32 mHz to 1.97 mHz by a fac-quency change of the lItered and un ltered
tor of about four. A sensitivity value model data for the minimum (0.70 10 °
of 655 10 ® km3=s2 mHZ is also ob- km/s?) and maximum condition (0.73 10 3

tained for this yby as described above. km*/s?) or di erent sample times  tmoy of the
With this, the e ect of the applied I- moving average Iter for the Phobos yby in
2008.

0.7+

0.6

051

Difference between filtered and unfiltered predict [mHz]

ter on the GM estimate is lower than
6:55 10 7 km3=%?, i.e. if the lIter reduces
the amplitude of the frequency change, the resultinGM estimate would not di er more
than 6:55 10 7 km®=s? from the value without ltering, but the noise is perceptible
reduced.
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The recording started for this yby early enough for obtaining daa well before CA,
where the gravitational attraction of Phobos is irrelevant. The inital velocity v , the
scale factork and the GM of Phobos are simultaneously and the constant o sdft, is
separately estimated. The parameters and the according erraead

Vyini = 2718592010 0:028 mm/s
Vyini = 0989394654 0:070 mm/s
Vyini = 2268721321 0:041 mm/s _
GM = 0:7127  0:0020 10 3 km3=s®
k = 1:443 0:142
fo = 2162 0:.07 mHz

The initial velocity di ers in the X, y, and z direction from the ESOC orbit by -0.2590
mm/s, -0.641 mm/s and 0.016 mm/s, respectively. Taking into accotirthe error due
to f, then the resulting estimate is

GM =0.7127 0.0021 10 3 km3/s?.

This measurement provides a mass estimate with a very small errar @3 % (one
standard deviation), compared to previous mass estimates basauclose ybys and/or
distant encounters (Figure 5.8). The error of the estimate is mainlgiriven by the noise
of the recorded data.

The mass estimates fronYuan et al. [2001], Konopliv et al. [2006] andRosenblatt
et al. [2008] are based on several years of tracking data (Fig. 5.8). Tlaege number of
tracking data reduces the statistical error of the estimate fronong term observations,
i.e. the error caused by the noise of the data is compensated by thege number of data.
However, not all tracking data used have to be relevant for chaag in the frequency
induced by the gravitational attraction of Phobos on the spaceaft. The di erence
between the results from the long term observations frorduan et al. [2001],Konopliv
et al. [2006] andRosenblatt et al.[2008] can be caused by systematic error. They have
a strong impact on the resulting mass estimate because of the smetllanges of the
frequency observed at long term observations and the small gtdical error caused by
the large number of data sets.

Figure 5.8 shows a comparison of results for the mass of Phobosiaet from this
thesis and from previous works. The blue line indicates the result frothe yby in
2008. It is obviously that the results from the close ybys in 2006 ah2008 are enclosed
by the estimates from the long term observations frorfuan et al. [2001],Konopliv et al.
[2006] andRosenblatt et al[2008], i.e. the results of this thesis seems to be mean values
with reasonable error bars of that estimates with the long term salions spread around
the close yby solutions from this thesis. This endorses the reliabilitypf the results
from the MEX close ybys at Phobos.
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5.1.2 Interpretation of the results

Density

From the above derived precise mass estimate and using the volursgéreate from
Willner et al. [2009] (see section 4.3) the density of Phobos is computed to

=1:88 0:02 g/cm®:

It is obvious, that the error of the density is driven by the error ofthe volume
estimate.

It was suggested from the rst spectral measurements that Ribos is a captured
carbonaceous chondrite asteroid. The bulk density of Phobos is ha than that
of most carbonaceous chondrite, C-type, asteroids, e.g., 253 tMile, with a
density of 1.34 0.20 g/m3. The bulk densities of silicate-rich, S-type, asteroids
such as 433 Eros with 2.67 0.03 g/m?, are much larger (Fig. 5.9). Bulk densities
of other asteroidal types vary over wide ranges. For these reas it is di cult

to conclude on possible connections between the origin of Phobosl asteroidal
types on the basis of the bulk density only.

Comparing the bulk density with di erent meteorites analogues (Fig5.9) which

are suggested to be appropriate candidates for Phobos basedspactral measure-
ments shows that Phobos density is lower than that of low grade dawnaceous
chondrites (Cl and CM chondrites) and much lower than that of highgrade car-
bonaceous chondrites (CO and CV chondrites). But it is higher thathe bulk

density of the Tagish Lake meteorite. The densities of the metecgitanalogues
and the Tagish Lake meteorite are shown in Table 4.3.

Phobos bulk density is signi cant lower than the bulk density of the Matian crust
(crust =2.9 02 g/cm3 , Wieczorek and Zubef2004]), (Fig. 5.9).

Internal structure

The porosity , of a object is de ned as the ratio of its bulk density , (the mass
of an object divided by its volume) to its grain density 4 (the mass of an object
divided by the volume lled only by mineral grains), i.e.

.= 1 2 100 (5.1)

g

It is the percentage of the object which is occupied by empty spacEigure 5.10
shows the porosity of Phobos for di erent possible material analags. It was
concluded from the spectral properties of Phobos that it can beomposed of
material analog to a dehydrated CM chondrite or to the Tagish Lakeneteorite.

The grain density is always equal or larger than the bulk density of & body.
With this a lower limit of the grain density of the Martian crust is given by its

bulk density which is used for the porosity value of Phobos. It is obwis that

Phobos has a large porosity ranging from 32 % - 36 % regardless whactalog
material is used (Fig. 5.10).
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Figure 5.9: Comparison of Phobos bulk density (blue line, the gray dashéahes indicat-
ing the uncertainty) with the bulk density of meteorite anabgues, selected asteroids and the
Martian crust.

The macroporosity ,, of an asteroid is de ned as the di erence between the bulk
porosity and the mean meteorite analog porosityRritt et al. [2002]), i.e.

m= 1 2 100 = , (5.2)
g

Asteroids can be divided according t®ritt et al. [2002] by their macroporosities
into three main groups (Fig. 5.11): asteroids which are mainly solid odxgts,
asteroids with macroporosities of about 20 % which are probably halg fractured
and asteroids with macroporosities> 30 %, so called rubble piles. Figure 5.11
shows the macroporosity of 18.6 0.7 % Phobos using CM chondrite (Table
4.3) as a possible meteorite analogue compared with the macropdagosf other
asteroids. If Phobos is a captured asteroid its macroporosity vaisuggests that it
is a heavily fractured asteroid close to the transition zone to loosetpnsolidated
asteroids.

The surface of Phobos is heavily cratered, with Stickney as the lagt example.
The approximately 10 km diameter of Stickney is in the order of Pholsbradius.
Craters of large relative sizes can only form in bodies which are able @absorb
the collision energy near the impact site. A solid body would be destrey by cor-
respondingly high collision energiesRichardsone et al.[2002]). The existence of
the Stickney crater, therefore, also supports the conclusionahPhobos contains
large voids throughout its interior.
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Figure 5.10: Porosity of Phobos (blue line, the gray dashed lines indicatg the uncer-

tainty) versus grain density with the grain density of posdile material analogues.

The origin of Phobos

The fact that Phobos contains large voids inside leads to the condos that re-

accretion is the preferable formation mechanism of Phobos. Besdée problem
of energy loss required in the capturing process (see section 4.a.8)ghly porous
body is expected to be much less resistant to large external graational gradients
than a solid body Richardsone et al.[2002]). It follows that an object with the
porosity of Phobos would have been destroyed by the gravitatiohi@rces required
for orbit capture. It seems to be unlikely from Phobos high porosityhat it is a

asteroid captured as whole.

Another hypothesis is that Phobos and Deimos are remnants of aarty, larger
body that has been destroyed into two or more pieces by gravitatial gradient
forces exerted by Mars during captureSinger[2007]). Self gravity forces acting
before break up would eliminate the voids a priori. This scenario can leie if
the large body would have been destroyed and the small peaces Mdouild an
debris disc from which Phobos could be build by re-accretion.

Phobos also could have formed by re-accretion of impact debris |dtento Mars'
orbit (Craddock [1994]). Large blocks may have been re-accreted rst due to
their larger gravitational attraction, thus forming a core of boulers with voids in
between. Smaller debris re-accreted later, but owing to low selfagity forces did
not Il the voids left by the large pieces Richardsone et al.[2002]). The debris
disc should be composed of crust material and also of material ofetimpactor
with crust material being the majority as it is for the Earth moon. Bu the spectra
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of the Martian crust and of Phobos does not match very well. This irmmsistency
could be solved by the collision of a body formed from the debris disanaining
from the formation process of Mars and a body formed in the astad belt region.
This scenario is consistent with a high porosity of Phobos from re-@etion and
also the spectral properties of Phobos could be explained.
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5.1.3 Future ybys in 2010

The Mars Express spacecraft will perform an orbit change in Febawy 2010 into an
interim orbit which will allow three consecutive ybys at Phobos in Mart 2010. Closest
yby distances will be 62 km on 3 March, 2010, 120 km on 07 March, 2P0 and 488
km on 13 March, 2010. All ybys were analyzed by their feasibility foRadio Science
measurements with the method developed in this thesis. Based onstlanalysis the
rst yby at a distance of 62 km was assigned to the Radio Science p&riment. In the
following this unique scienti ¢ opportunity is described in detail.

Figure 5.12 shows the visibility of the four main ground station comples for the
yby at 62 km. The ground station in Madrid (DSS-63) will be fully visible during
the entire yby. The contribution on the radio signal by the Earth atmosphere will
be small due to the large elevation angle. MEX will disappear 1 hour arD minutes
before closest approach behind Mars for 36 minutes seen from treund station.

This yby will be due to the small distance of 62 km an unique opportuity for
measuring the low order coe cient G., of Phobos. Assuming a constant density dis-
tribution and an ellipsoid shape & = 13.4 km, b= 11.2 km, ¢ = 9.2 km) the gravity
coe cients of Phobos read

0:0756
0:0151

C2; 0
C2; 2

with a reference radiusR = 13.4 km.

Figure 5.12: Ground station visibility during the Phobos yby in March 2010 for the four
main ground station complexes. An elevation angle of more #in 10 indicates full visibility
of the spacecraft from the ground station. Zero time correspnds to 21:02:00 (UTC, SC).
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Figure 5.13 shows the estimated frequency changel.5 h around the closest approach
for the yby at a distance of 62 km. The entire frequency change 8.46 Hz including
the frequency change due t&M of 0.48 Hz and due to ¢ of -0.018 Hz. G., causes
a frequency change which is smaller than 1 mHz and will not be detebte.

Noise from a Radio Science measurement on July, 18 in 2006 with stardideviation

= 7.7 mHz was added to the predicted frequency change in order teemorm a
feasibility study for estimating C,.o. A least square t was performed assuming £,
as the only tting parameter. The resulting C,. ¢ is

Cy o= 0:0801 0:0033:

The resulting C,. o estimate has an error of 4.1 % corresponding to one standard
deviation.

Applying consecutively a kaiser window Iter and a moving average Itewith a cut-
o frequency f. of 77 mHz and the sample time t of 2 seconds reduces the standard
deviation = 4.1 mHz of the noise by a factor of two. The cut-o frequency andhe
sample time are computed with the lower and upper limit with the same ntleod as
described in the last section. The lower and upper limit are de ned tod 50 % of
the nomial value (G. o = -0.0756). Filter leads to a new value

Coo= 00758 0:0005

with a reduced error of 0.7 % which corresponds to one standardvasion. It will
be possible to measure the £, coe cient with an accuracy which was never obtained
from a close yby assuming that G. o is the only tting parameter.

If Phobos has a non-uniform density distribution the value of €, di ers from the
above value. Assuming a two layer model with a core density = 2.30 g/cm? occuping
half of the ellipsoid @ = 6.7 km, b= 5.6 km, ¢ = 4.6 km) and a surface densitiy s =
1.77 glcm?® C,. o =-0.0736. The di erence of 2.6 % between this two values, i.e. betwee
a two layer model and a model with uniform density distribution, can b detected with
the yby in March 2010.

The value of G., depends on the shape modelAndert [2004] used di erent shape
models for Phobos and computed the gravitational coe cients fnm it. The values of
C,. o di er by more than 10 %. This requires due to the high precison with wich the
value of G. o can be estimated with the Radio Science technique precise shape gisd
for the interpretation of the results from the upcoming yby in March 2010.

It is desirable to carry out measurements before MEX is occulted bylars also with
the Madrid (DSS-63) ground station. This measurements would ebke the determi-
nation of parameter like the initial velocity, the scaling factor of thesolar radiation
pressure and a constant o set independently from the £,. This would guarantee the
small uncertainty in the C,. o estimate.
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5.2 Steins

On September 5, 2008 the Rosetta (ROS) spacecraft ew by attasoid Steins (see
section 5.2). The closest distance between ROS and Steins was 808dt 18:38:20
(UTC). At the time of the Closest Approach (CA) the angle betweenthe velocity

component of ROS seen from Steins and the position vector from B@at transmitting

time) to the ESA ground stations New Norcia and Cebreros (at resgng time) seen
from barycenter of solar system was 164nd the relative yby velocity between ROS
and the asteroid Steins was about 8.6 km/s. These parameters aret optimal for a

precise mass estimate. The small size of Steins with a mean radius.@f 2 0.3 km leads
to GM = 1.5614 10 ° km?/s? (see section 5.2). Assuming a high density of 3.0 g/ém
a mass estimate is very unrealistic for Steins at this distance to ROSn addition,

no continuous recording was performed around CA and di erent gund stations were
used. Recordings are available for the following time periods:

1. September 4, 2008 from 02:55:11.5 to 05:56:42.5 (GSRT) recordédhe 35 m
ground station in New Norcia, Australia. One WoL manoeuvre was p@rmed
during this recording at 05:05:09.167 (SCEVT UTC), but also betweethis and
the next recording at 07:27:00.0 (SCEVT UTC). It makes the use ohis data
set di cult, because both WoL manoeuvres have to be tted to thedata and
recorded data are available only for one event. This is an additionabwce of
uncertainty. Therefore this recording is not considered for anadis.

2. September 4, 2008 from 10:03:29.5 to 14:01:33.5 (GSRT) recordésb at New
Norcia with a standard deviation = 10.7 mHz.

3. September 5, 2008 from 02:52:48.5 to 11:54.02.5 (GSRT) recordésb at New
Norcia with = 10.1 mHz.

4. September 5, 2008 from 12:59:47.5 to 18:14:03.5 (GSRT) recordédhe 35 m
ground station Cebreros in Avila, Spain with = 13.0 mHz.

5. September 6, 2008 from 02:50:24.5 to 13:55:03.5 (GSRT) recordgdin at New
Norcia with = 10.1 mHz.

Between the second and third measurement there is a gap of appmoately 66 min-
utes and between the third and last measurement there is a gap gipgoximately 396
minutes. The second measurement terminates approximately 44 mias before closest
approach (Figure 5.16). The sky frequency was predicted usingetinitial state vector
from the according SPICE kernel (see section A.1.4 in appendix) amtide force model
for ROS described in section 2.5. It remains a constant o set for ela of the four used
recordings of -24.94 mHz, -24.83 mHz, -26.66 mHz and -29.12 mH3zpeztively.

The largest change in frequency due to the gravity eld of Steins ég Figure 5.15)
occurs at the time of the CA. No recording is available at this time. Thehange with
a high density of 3.0 g/cni is computed to be approximately 0.16 mHz. The post-
encounter frequency changg; long after the CA is about 0.07 mHz. The noise of the
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recorded data is for all recordings larger than 10 mHz. These axea orders larger than
the expected frequency shift. It is obvious that it is impossible to s®lve the mass of
Steins from the recordings.
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Figure 5.15: Frequency change caused by the gravitational attraction oésteroid Steins

for three dierent bulk density assumptions 2 hours around CA. The frequency change
corresponds to the uplink frequency of 7168640599.997583 Hfom the recording at Cebreros.
The noise on the predicted changes is numerical. The predict ibarely above the limit of
numerical resolution.
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5.3 Lutetia

On July 10 in 2010 the Rosetta (ROS) spacecraft will yby at the asroid Lutetia
(see section 4.2 for physical properties of Lutetia). Due to comaints given by the
ight dynamic section of ESOC, no continuous measurement covegrthe CA will be
possible. High Gain Antenna (HGA) tracking will terminate minutes befre CA and
will resume about one hour after CA. This gap will limit the accuracy othe mass
estimate of Lutetia in addition to other factors like yby geometry and noise of the
data. Simulations are carried out with di erent ranges of the gap in @er to nd the

best con guration for the yby and a prediction of the accuracy vhich can be obtained
from the close yby. The following yby parameter are given by the yby geometry:

time of CA is 15:49:53 (UTC, Spacecraft event time),
closest distance is 3055 km,

angle between velocity component of ROS seen from Lutetia and pims vector
from ROS (at transmitting time) to ground station DSS-63 (at recesing time)
seen from barycenter of solar system is 171and

relative yby velocity of ROS seen from Lutetia is about 15.0 km/s.

The entire range of the measurement
is limited by the availability of continu-
ous tracking of one ground station. Ev-
ery ground station oers dierent bias
sources of the measurement, for exam-
ple ground station location uncertainty,
but also thermal noise. If more than one
ground station is used for the measure-
ment the bias of each ground station has
to be considered separately. This must
be done carefully. It is dicult to avoid
additional contributions on the measure- Figure 5.17: Ground station visibility dur-
ment which would a ect the estimation ng the time of the Lutetia yby for the four
of the mass of Lutetia. It is of advan- main ground station complexes. An elevation
tage to use only one ground station forangle of more than 10 indicates full visibility
the entire measurement around CA. In of the spacecraft from the ground station
Figure 5.17 the elevation angle between
the ground station and ROS for four ground station complexes is @ln. Full visibil-
ity between ground station and spacecraft is given at an elevatiomgle larger than
10 above the horizon. This is the case for DSS-63 for about 4 h around Closest
Approach (CA) which de nes the time range for the following simulatios.
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Figure 5.18: Frequency change caused by the gravitational attraction oésteroid Lute-
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The initial state vectors for the simulations are taken from SPICHcernels (see section
A.1.4) provided by ESOC. Those are containing the predicted positioand velocity
values for ROS. The density of Lutetia is not known. Densities ranginfrom 1 - 3
g/cm? are presumably possible. In Figure 5.18 the frequency change esponding to
an uplink frequency of 7168398469.009392 Hz is shown for this bubnsity values.
The maximum of the frequency change at CA ranges from -32 mHz #85 mHz and the
post-encounter frequency change ranges from 10 mHz to 30 midz 1 and 3 g/cn?,
respectively.

The above mentioned uplink frequency is selected in order to add &lé noise to the
simulated data in Figure 5.18 from a conducted measurement of RO%he noise was
extracted from the TWO-WAY measurement of Doy 309, 2008 (2@311-04T07:22:10.5
- 2008-11-04T12:09:02.5). The standard deviation of the noise is= 0.0124 Hz and
has a mean value of zero.

The simulations are computed with a bulk density of ¢ = 2 g/cm?3, the expected
density of an asteroid of this type. Using a diameter of 95.5 4.1 km for Lutetia yields
GM_ = 6.086 10 2 km®/s? (product of the mass of Lutetia and the gravitational
constant), which is supposed to be the only parameter in the ttingorocess. In Figure
5.19 the simulated frequency change with the added noise is shown.

The initial value for tting GM of Lutetia was selected to be 0.%5M_. In order
to test if the results depend on the initial value, simulations have beedone with
randomized initial values. All produced the same result. Thereforthe resulting value
of GM is independent of the initial value.

The results from the simulations are summarized in Table 5.1. If no ma&aements
after CA are available, the error in theGM estimate increases rapidly with increasing
time between the end of the measurement and the time of CA. Therer given for
each simulation corresponds to one standard deviation based orethoise of the data
and is computed via the covariance matrix (see section 2.8). Depamgl on the length
of the measurement gap, the resultingM value of Lutetia is highly overestimated or
underestimated. Therefore a yby scenario with measurementsefore CA only yields
no reasonable estimate fo6GM and shows large errors due to the noise of the data.

Other yby scenarios using measurements before and after CA tkdo results for
the GM value close toGM_. The uncertainty of the estimate depends crucially on
the measurement time available before CA. The di erence betweehda GM value of
Lutetia used for generating the simulated data and the estimatedalue is within one
standard deviation caused by the noise of the data. It is obvious dh the scenarios
with the shortest gap around CA lead to the best estimate of the nsa of Lutetia.
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Figure 5.20: Di erent scenarios for the Lutetia yby where "measurement” is the modeled

frequency change with added realistic noise, "original pmict" is the modeled frequency change
without noise and " t" is the t on the noisy frequency result ing in the GM value for Lutetia.

The uncertainty of the mass estimate
can be reduced by appropriate lter tech-
niques (see section 2.9). Filters shall be
applied carefully in order to reduce only
the noise and not the information about
the mass of Lutetia contained in the data.
Therefore, di erent settings of the lIters
are tested. In order to nd reliable val-
ues for the Iter settings the model data
of the minimum condition ( s = 1 g/lcm?3)
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of the frequency change (see Figure 5.13§|gure 5.21: Di erence between the fre-

was ltered and compared with the un |- duency change of the Itered and un Itered
tered model data. The maximum limit of Mode! data for the minimum ( s =1 _35) and
di erence between Itered and un ltered Maximum condition ( s =3 25 for dierent
model data was de ned to be 0.1 mHz. Ccut-o frequencies f. of the Kaiser lter.
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Scenario GM [ 10 Zkm? Figure
4 h around CA, no gap 6.120 0.180 (2.9%) 5.19
4 h around CA ltered, no gap 6.161 0.048 (0.8%) 5.19

+ 4 h -1 min before CA, no post-encounter obs. 6.488 0.433 (6.7%) 5.20(a)
+ 4 h -5 min before CA, no post-encounter obs.  7.026 0.643 (9.1%) 5.20(b)
+ 4 h -10 min before CA, no post-encounter obs. 7.448 0.909 (12.2%) 5.20(c)
+ 4 h -20 min before CA, no post-encounter obs. 5.364 1.415 (26.4%) 5.20(d)

+ 4 h -1 min before and 1 h gap after CA 6.029 0.203 (3.4%) 5.23(a)
+ 4 h -5 min before and 1 h gap after CA 6.027 0.216 (3.6%) 5.23(b)
+ 4 h -10 min before and 1 h gap after CA 5.992 0.222 (3.8%) 5.23(c)
+ 4 h -10 min before and 30 min gap after CA 6.077 0.212 (3.5%) 5.23(e)
+ 4 h -10 min before and 2 h gap after CA 6.239 0.265 (4.2%) 5.23(f)
+ 4 h -20 min before and 1 h gap after CA 5.887 0.226 (3.9%) 5.23(d)
gap of 1.5 h around CA 5.911 0.247 (4.2%) 5.23(g)
gap of 1 h around CA 5911 0.227 (3.8%) 5.23(h)
Table 5.1: Di erent yby scenarios for ROS at asteroid Lutetia. Total si mulation time

is 4 hours (h) around Closest Approach (CA) with sample interval t = 10 seconds. The
simulated data are based onGM_ = 6.086 10 ? km®/s2. The error corresponds to one
standard deviation.

In Figure 5.21 the maximum di erence
for di erent cut-o frequencies f. of the
Kaiser lter and in Figure 5.22 for dif-
ferent sample times t,,, of the moving
average Iter are shown. The resulting
settings aref. = 0.022 and tno = 20
s, which ensures that no information is
deleted by Itering the data.
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Figure 5.22: Di erence between the fre-

from = 12:4 mHz to g = 0.3 mHz,

hich is a factor of 40. Based on the I- guency change of the Itered and un ltered
whic ' o=" model data for the minimum (s = 1 g/cm 3)
tered data,;hng%M2 of Lgtetla is 6.161 .14 maximum condition (s = 3 glcm?) for
0.048 10 “ km*/s?, which represents an gj erent sample times  tyoy of the moving av-
error of 0.8% corresponding to one stangrage Iter.
dard deviation. The small dierence to
the GM value of Lutetia used for generating the model data can be explathéy the
uctuation of the signal caused by the noise. The amplitude of the odel data is very
well retraced by the ltered data, but the signal shows also uctations before and after
CA which leads to the di erence between the ttedGM and GM_ used for generating
the simulated data.
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CHAPTER 6

Discussion and summary

The motivation for this PhD-thesis was to use the Radio Science teulgue during close
ybys of Mars Express (MEX) at the Martian moon Phobos and of Reetta (ROS) at
the asteroid Steins and the future yby at the asteroid Lutetia. The goal was to develop
a strategy and tools for the determination of gravitational pararater of the bodies from
planetary ybys using short-term observations.

A very precise and complex numerical model was developed basedamnaccurate
force model for both the Mars Express and Rosetta spacecraffhe computed orbit
was compared to very accurate orbit determinations provided bye ight control team
at European Space Operation Center (ESOC) for both spacedasf It follows from the
comparison that the accuracy of the computed orbit in this thesis iselow 0.02 mm/s.
This is very small compared to the Doppler velocity error of 0.26 mm/s X-band (8.4
GHz) from the thermal noise of the ground station and the transpnder phase noise.

Accurate models for extracting contributions from the Earth atnosphere on the radio
signal were applied to the measured data. This contributions aremging from 150 mHz
at low elevation angles to 20 mHz at large elevation angles at X-band. W this
calibration, the di erence of the predicted frequency based on éhrelativistic Doppler
to second order with the measured data is in the order of a few ténbf mHz typically
between 10 mHz and 20 mHz at X-band. The ground station positionas computed
for this based on accurate models at centimeter level. The di ereadbetween model
and observation is in the order of the total Doppler velocity errorrbm the thermal
noise and the transponder noise.

The signal-to-noise ratio of the data was improved by the applied lteng techniques
by a factor of at least three. The uncertainty in the solution of masestimates decreased
with this ltering technique signi cantly.
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A numerical stable least square techniques was used to t not onlyayitational pa-
rameter on the frequency residuals, but also the initial velocity ofhie spacecraft, the
scaling factor of the solar radiation pressure and a constant o seThe latter parameter
ensures that the remaining frequency shift is solely caused by theagtational attrac-
tion of the perturbing body. It was shown that the models are su gently precise to
analyze Radio Science measurements of close ybys. It was alsomhthat the method
provides very small uncertainties in the mass estimates.

It was not possible to estimate the mass of the asteroid Steins frahre yby in 2008
from Rosetta. This was due to the small mass of Steins combined wighlarge yby
distance and non continuous tracking during the yby. For theseeasons other methods
or more accurate models would also fail in estimating the mass of Stein

The mass of Phobos was estimated from the rst close ybys sincevénty years at
an accuracy not obtained from close ybys ever. The resulting mass

GM =0.7127 0.0021 10 3 km?3/s2.

The small error of 0.3 % is a consequence of the high radio carrierguency but also
of the Itering technique and high numerical accuracy of the used adels and software.
The mass value is in agreement with solutions from long term obsen@ts using several
years of tracking data. Its uncertainty is also comparable to thabf long term solutions.
The small error of long term observations is a consequence of theglanumber of data
arcs included, but the error obtained in this thesis re ects the urertainty due to the

signal-to-noise ratio of the measurement.

In addition, the mass estimate of Phobos from the close yby in 200&proves the
knowledge of the physical structure of Phobos. The bulk density= 1:88 0:02 g/cm®
was determined based on a volume estimate. Regardless which origianario is se-
lected, i.e. which analogue material is used, Phobos shows a high payobetween 32 %
and 36 % for CM chondrite and Martian crust as analogue material, spectively. This
indicates re-accretion as a favorable formation process. Pholmacroporosity of 18.6

0.7 % is consistent with a fractured asteroid. An asteroid with this higporosity and
macroporosity would have been destroyed during the capturing @eess by gravitational
gradients. It appears though highly unlikely that Phobos is a captwd asteroid. It fol-
lows from the results of the close yby at Phobos that it is very likely hat Phobos is
formed from the collision of a body remaining from the formation prass of Mars and
a body formed in the asteroid belt. This scenario is consistent with éhigh porosity
of Phobos and with its spectral properties.

The Mars Express spacecraft will perform an orbit change manoge in February
2010. This will allow three consecutive ybys at Phobos. It was fouhthat the closest
yby of the three on 3 March, 2010 at a distance of 62 km will be a unigp scienti c
opportunity for estimating the C,. o term of the gravity eld of Phobos. This yby was
assigned to the Mars Express Radio Science Experiment based oe thasibility study
carried out with the developed method.
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In order to determine the uncertainty in the G., estimate, noise from a real mea-
surement was added to the predicted frequency change. Thessalwere treated as
a "real" observation. Filter were applied in order to reduce the sigrtdo-noise ratio.
From the least square t an uncertainty smaller than 1 % was obtairge With this small
error it is possible to nd out if Phobos has a layered structure or aniform density
distribution.

The yby of Rosetta at the asteroid Lutetia which will be performedin 2010 was
simulated in order to state the feasibility of the yby for Radio Sciene measurements.
It is likely to determine the mass of Lutetia from the yby with an error smaller than 1%.
From spectral measurements Lutetia is classi ed as a C-type or kpe asteroid. An
accurate mass estimate as it was done for Phobos would help to digtiish between
both asteroid types: C-type asteroids have small bulk densities lik#53 Mathilde of
1.34 0.2 g/cm?, whereas M-type asteoids like 16 Psyche of 6.980.58 g/cm® have
large bulk densities. Thus, the bulk density based on the mass estitmand a volume
estimate from the camera onboard Rosetta would help to de ne thasteroid type of
Lutetia.

The software package developed in this thesis is able to analyze Ra8mence data
obtained from short-term observations and estimate gravitaticad parameters of the
perturbing body very precisely. It is also possible to predict the fggpiency changes of
planned close ybys and perform feasibility studies serving as a bas$ decision at
future observations. The accuracy of the numerical models arecurate enough for
analyzing and predicting Radio Science measurements with a precisiolose to the
resolution of Radio Science experiments.
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Appendix

A.1 Used parameter
A.1.1 Masses of solar system bodies

Body / System GM[ K’

Sun 132712440040.944000

Mercury 22032.090000

Venus 324858.592000

Earth 398600.436233

Earth-Moon 403503.236310

Moon 4902.800076

Mars 42828.375214

Jupiter 126712764.800000

Saturn 37940585.200000

Uranus 5794548.600000

Neptune 6836535.000000

Pluto 977.000000

Deimos 0.98 10 4
Table A.1: Masses of Solar System Bodies from Folkner et al. [2008] and ®eimos from

Jacobson [2008]
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A.l.2 MEX

The optical parameter of MEX are listed in the following table based omformation
from Morley [2004], wherebyABSC is the absorption coe cient, DIFR the ratio

di usive/(di usive + specular) with (di usive + specular) =1 - ABSC an d the re ection
coe cient ".

Surface Area [m ?]
+ X 0.474 0.504 0.022 2.686

- X 0.602 0.383 0.015 2.686
+Y 0.621 0.371 0.008 2.686

-Y 0.712 0.282 0.006 2.686
+Z 0.829 0.171 0.000 2.890

-Z 0.566 0.311 0.123 2.890

solar array 0.677 0.130 0.194 6.109

Table A.2: Optical properties of MEX from Morley [2004]

A.1.3 ROS

The optical parameter of ROS are listed in the following table based danformation
from Morley [2008], wherebyABSC is the absorption coe cient, DIFR the ratio

di usive/(di usive + specular) with (di usive + specular) =1 - ABSC an d the re ection
coe cient ".

Surface " Area [m 2]
+ X 0.909 0.091 0.000 5.150

- X 0.853 0.136 0.011 5.150
+Y 0.795 0.205 0.000 5.408

-Y 0.750 0.250 0.000 5.408
+Z 0.916 0.084 0.000 4.200

-Z 0.889 0.080 0.031 4.200
HGA 0.930 0.070 0.000 3.800

solar array 0.840 0.313 0.110 32.310

Table A.3: Optical properties of the ROS spacecraft from Morley [2008]



A.1 Used parameter 117

A.1.4 Used SPICE-kernels

A.1.4.1 General kernels

NAIF0009.TLS
File storing the occurrences of leapseconds

de421.bsp
Contains ephemeris data for planet barycenters, and for the suearth and moon
mass centers (seBolkner et al.[2008] for more information).

EARTHSTNS_ITRF93_050714.BSP
Contains ephemeris data for NASA DSN stations relative to the teestrial refer-
ence frame label 'ITR93'.

EARTH_TOPO_050714.TF
Frame kernel for the topocentric reference frames for the Deé&pace Network
(DSN) stations.

NEW_NORCIA.BSP
Contains ephemeris data for the ESA New Norcia station.

NEW_NORCIA_TOPO.TF
Frame kernel for the topocentric reference frame for the ESA6B tracking an-
tenna at New Norcia.

EARTHFIXEDIAU.TF
This kernel makes thelAU_EARTHframe coincide with the earth xed reference
frame.

EARTHFIXEDITRF93.TF
This kernel makes thelTRF93 frame coincide with the earth xed reference
frame.

PCKO00008.TPC
PCK le containing the size, shape, radii and orientation constantgor planets,
satellites, Sun and some asteroids.

EARTH_000101_081229 081008.BPC

PCK le containing the orientation of the Earth as a function of time for the from
01 January 2000 until 29 December 2008. From 29 December 20@8information
contained in the le corresponds to predicted data. The rotationlee ects included
are precession, nutation, rotation through true sidereal time, gdar motion and
nutation corrections.
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A.1.4.2 MEX specic kernels

MARO080S.BSP
Contains the ephemeris data from JPL, for Phobos and Deimos (s@acobson
[2008] for more information).

MEX_V10.TF

Frame kernel containing the complete set of frame de nitions for X and Beagle-
2 Lander (BEAGLEZ2) including de nitions for the MEX xed and MEX sc ience
instrument frames and BEAGLE2 xed, and landing site local framesThis kernel
also contains NAIF ID/name mapping for the MEX and BEAGLEZ2 instruments.

ORMM__080701000000_00514.BSP
ContainsMEX reconstructed ephemeris for entire July 2008.

ORMC__2010_nigth_side_00001.BSP
Contains MEX spacecraft long term operational Mars centric ephaeris optimized
for Phobos ybys in 2010.

ATNM_PTR00261 050212 001.BC
ATNM_PTR00271 050311 001.BC
ATNM_PTR00381_060115 001.BC
ATNM_PTR00401_060312_001.BC
ATNM_PTR00744 080630 003.BC
ATNM_PTRO00756_080727_001.BC
Contains Mars Express predicted attitude information.

A.1.4.3 ROS specic kernels

ORHR 00077.BSP
Contains Rosetta spacecraft predicted and reconstructed ¢se ephemeris. Spans
the cruise phase, from launch to comet rendezvous maneouver.

ORHS 00074.BSP
Contains ephemeris for the asteroid Lutetia

earth_070425 370426 _predict.bpc

PCK le containing the orientation of the Earth from 25 April 2007 to 17 July
2037 as predicted data. The rotational e ects included are presgon, nutation,
rotation through true sidereal time, polar motion and nutation corections.

ATPR_P080902000000_00067.BC
Contains Rosetta predicted attitude information.
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A.2 Tectonic plate motion

Plate Name « [rad/My.] y [rad/My.] ; [rad/My.]
Pacic -0.001510 0.004840 -0.009970
Cocos -0.010425 -0.021605 0.010925
Nazca -0.001532 -0.008577 0.009609
Caribbean -0.000178 -0.003385 0.001581
South America -0.001038 -0.001515 -0.000870
Antarctica -0.000821 -0.001701 0.003706
India 0.006670 0.000040 0.006790
Australia 0.007839 0.005124 0.006282
Africa 0.000891 -0.003099 0.003922
Arabia 0.006685 -0.000521 0.006760
Eurasia -0.000981 -0.002395 0.003153
North America 0.000258 -0.003599 -0.000153
Juan de Fuca 0.005200 0.008610 -0.005820
Philippine 0.010090 -0.007160 -0.009670
Rivera -0.009390 -0.030960 0.012050
Scotia -0.000410 -0.002660 -0.001270

Table A.4: Cartesian rotation vector for each plate using the NNR-NUVELIJA kinematic
plate model (no net rotation) (IERS [2009])

A.3 Coe cient tableau of integration method

0 0 0 0 0 0 0 0
% % 0 0 0 0 0 0
3 3 9
10 40 40 0 0 0 0 0
4 44 56 32
5 45 15 9 0 0 0 0
8 | 19372 25360 64448 212 0 0 0
9 | 6561 2187 6561 729
1 | 917 355 46732 49 5103 0 0
3168 33 5247 176 18656
1 35 0 500 125 2187 11 0
384 1113 192 6784 84
0 | 5L 0 7571 393 92097 187 1
57600 16695 640 339200 2100 40
0 35 0 500 125 2187 11 0
384 1113 192 6784 84

Table A.5: The coe cient tableau of the RK5(4) integration method
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A.4  Acceleration from unnormalized gravity coe -
cients

In the following the equations in order to compute the acceleratioraased by the gravity
potential of body using unormalized gravity coe cients G, and S, according to
Montenbruck and Gill[2000] are shown.

A.4.1 Recursions

The unnomralized recurence coe cients Y., and W,., can be computed according
to Montenbruck and Gill[2000]

R
Vim = 2 2m 1)(X Vm tm 1 Y Wi m 1) (A.la)
R
Wm; m = r_2 (2m l) (X Wm Im 1 + y Vm 1;m 1) (A-lb)
R 1 —
Vn;m = I'_2 n m (2[’] 1) z Vj Lm (I’l +m l) R Vq 2Z;m (A.lC)
R 1 —
Wn;m = I'_2 n m (2n 1) z Wy Lm (n +m 1) R W, 2Z;m (A-ld)

with the initial conditions

Vo; 0-— and Wo; 0=0 (AZ)

R
r
In order to compute the all V.., and W,., the zonal terms have to be computed

rst and all further computations should be done according to thescheme shown in
gure A.1.

A.4.2 Acceleration

With the above shown unnormalized recurrence coe cients the raefting acceleration
can be computed via the following equation using unnormalized gravityoe cients
Cimand S, .

XX x X XX
X = Xn:m 5 y= Yom zZ= Zhm (A-3)
n=0 m=0 n=0 m=0 n=0 m=0
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Vo, 0, Wo, 0
# &
Vi0;Wyo Vi1 Wi 1
# # &
V2,0, W20 Va1, W Va2, Wa; 2
# # # &
# # # &
VI; 01 WI; 0 VI; 1, WI; 1 VI; 2: WI; 2 Lo VI; m ;WI; m
Figure A.1: Execution scheme for recurrence coe cients computation.

The parital accelerations are (se®&lontenbruck and Gill[2000])

GM
Xom = —5 Cno Vi
> 1GM
Xn:m mz0 é? Com Vistm+1 +Snm Whitm+a

(n m+2)(n m+1) Cn;m Vn+1;m 1+

+ Sn;m Wn+l;m 1

GM
Yom = — Cnio Whit:1
R
> 1GM
Yh:m 2o é? Com Whiims1 Sim Visim+a

+(ﬂ m+2)(n m+1) Cn;m Wn+1;m 1

Sn;m Vn+1;m 1
GM
Zyo = ? (ﬂ + 1) Cn.o Vhns1:0
m> 0 GM

ln;m = ?(n m+1) (Cn;m Vn+l;m"'Sn;m Wn+1;m):

(A.4)

(A.5)

(A.6)

(A.7)

(A.8)

(A.9)



122 Appendix

A.5 Media correction

A.5.1 lonospheric media correction terms
With the following equations the corrected frequency residuals fm the ionospheric

correction can be computed for di erent down- and uplink con guations (Morabito
and Asmar [1995]):

One-way S-band downlink (2.3 GHz):
fe)= 5() fan () (A.10)

One-way S-band downlink (2.3 GHz):

3
fE@)= 7)) 5fon () (A-11)
Two-way X-band uplink and X-band downlink:
X a " 3 840
fc (tj) = f (tj) ﬁ |on (tJ) 749 |on (tJ tr) (A.lZ)
Two-way X-band uplink and S-band downlink:
3 840
f(?,( (tj) = fx (tj) |0n (tl) 11749 |on (tJ tr) (A-13)

Heret, is the two-way light time. In the equations for the two-way corredbn the
rst term accounts for the downlink and the second one account®r the uplink and
the e ect of the uplink onto the downlink signal.
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A.5.2 lonospheric correction using the di erential Dopple r

The correction of the contribution by the ionosphere of the Eartland the interplanetary
plasma can also be computed via the di erential Doppler de ned as ows:

f=fs —fy: (A.14)

The di erential Doppler is also

for (A.15)

(A.16)

11 €& 1d

fscain = fs+ 204 2m, ofs dt (A.17)
11 ¢ 1dl

fxcaip = fx + 75— —— (A.18)

2c4 2 Me o fy dt
Using equation A.16 and the general relation

fs_ 3 (A.19)

X 1

n

—h

the calibration can now be written as

33

112

121
fs Plasma = f 1—12: (A.21)

(A.20)

fX; Plasma — f
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