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Abstract

The Earth’s gravity field and its temporal variation reveal important information for many
disciplines, especially for geosciences. Satellite gravity missions like GOCE, GRACE and
GRACE-FO successfully recovered global gravity field models. But the temporal and spa-
tial resolution of the gravity field solutions have to be improved in order to meet the user
requirements. New concepts for future satellite missions to recover the global gravity field
are investigated by means of comprehensive simulations. In terms of sensor behavior, ac-
celerometers are one major limiting factor. Thus, this dissertation focuses on them. Cold
Atom Interferometry (CAI) accelerometers are promising candidates for future missions due
to their long-term stability.

Non-gravitational accelerations are simulated for orbit altitudes between 250 km and 470 km
and evaluated, as the magnitude of these accelerations is crucial for the impact of the scale
factor on electrostatic measurements. The accelerometer measurements are degraded by the
insufficient scale factor knowledge. The precise knowledge of the CAI accelerometer scale
factor solves this issue. The absolute scale factor is not important for gradiometry missions,
but the differential one. The measured gravity gradient is degraded by the non-zero com-
mon mode rejection, which is caused by the non-perfect determination of the differential
scale factor. Also in this case, its determination is a critical component. Drag compensation
is required in order to reduce this error influence on the gravity gradient. Despite the bene-
ficial long-term stability and the well-known scale factor of CAI, the measurement concept
also introduces challenges. A longer measurement cycle time of 12s in CAI accelerometry
yields, on the one hand, a high sensitivity, but on the other hand, an aliasing effect. One
option to reduce this effect is drag compensation.

Closed-loop simulations are performed for concepts of low-low Satellite-to-Satellite Tracking
(1I-SST) and satellite gradiometry in order to quantify the impact of different components
on the gravity field recovery. The combination of an electrostatic accelerometer with a CAI
accelerometer (hybrid accelerometer) improves the 1I-SST gravity field solution by reducing
the striping effects in north-south direction. Beyond that, the cumulative geoid error for a
resolution of 200 km can be reduced by 90 % when a laser ranging instrument noise is used
and background modeling errors are neglected. Furthermore, the addition of a cross-track
gradiometer to a 1I-SST mission is simulated. A CAI cross-track gradiometer with a white
noise level of 1 mE would largely improve the gravity field solutions in the short wavelengths
and secure a more isotropic error pattern. Consequently, the cumulative geoid error for a
spatial resolution of 100 km is reduced by around 70 % compared to the 1I-SST only solution
with GRACE-like instruments.

Keywords: Next Generation Gravity Mission, Closed-loop simulation, Satellite Gradiome-
try, 1I-SST, Cold Atom Interferometry, Accelerometer, Drag-free System






Kurzfassung

Das Erdschwerefeld und seine zeitliche Variation liefern wichtige Informationen fiir verschie-
dene Disziplinen, vor allem fiir die Geowissenschaften. Durch Satellitenmissionen, wie GOCE,
GRACE und GRACE-FO, kénnen globale Schwerefeldmodelle bestimmt werden. Allerdings
sind die rdumliche und zeitliche Auflésung dieser Modelle zu verbessern, um die Nutzeran-
forderungen zu erfiillen. Deshalb werden neue Konzepte fiir zukiinftige Schwerefeldmissionen
umfassend simuliert. Diese Dissertation konzentriert sich auf die Beschleunigungsmesser, da
sie eine limitierende Komponente, bezogen auf die Sensoren der bisherigen Missionen, sind.
Beschleunigungsmesser, basierend auf dem Prinzip der Kaltatominterferometrie (CAI), sind
erfolgversprechende Kandidaten fiir zukiinftige Schwerfeldmissionen, insbesondere aufgrund
ihrer Langzeitstabilitét.

Nicht-gravitative Beschleunigungen werden fiir Orbithéhen zwischen 250 km und 470 km un-
tersucht, da deren Grofle fiir den Einfluss des Skalierungsfaktors auf die elektrostatischen
Messungen entscheidend ist. Die Beschleunigungsmessungen in aktuellen Missionen werden
durch eine unzureichende Bestimmung ihres Skalierungsfaktors beeintrachtigt. Der Skalie-
rungsfaktor der CAI-Messungen ist dagegen sehr genau bekannt, wodurch diese Problematik
gelost wird. Fiir die Gradiometrie ist der differentielle Skalierungsfaktor entscheidend, da die-
ser eine nicht perfekte Common-Mode Rejection hervorrufen kann. Auch in diesem Fall ist
seine Bestimmung eine kritische Komponente. Ein Drag-free System ist erforderlich, um die-
sen Fehlereinfluss zu reduzieren. Trotz der vorteilhaften Langzeitstabilitat und der guten
Kenntnis des Skalierungsfaktors der CAI-Messungen birgt dieses Konzept Herausforderun-
gen. Die CAI-Zykluslénge von 12s erméglicht zwar eine hohe Sensitivitat, ruft jedoch einen
Aliasing-Effekt hervor. Dieser kann ebenfalls durch Drag-Kompensation reduziert werden.
Closed-loop-Simulationen werden fiir die Konzepte low-low Satellite-to-Satellite Tracking
(1I-SST) und Satellitengradiometrie durchgefithrt, um die Auswirkung unterschiedlicher Kom-
ponenten auf die Schwerefeldbestimmung zu quantifizieren. Hybride Beschleunigungsmes-
ser (elektrostatisch und CAI) bewirken eine Reduktion der Streifeneffekte in Nord-Sid-
Richtung in der 1I-SST Schwerefeldlosung. Aulerdem wird der kumulative Geoidfehler fiir
eine Auflosung von 200 km um 90 % reduziert, wenn ein Laser-Ranging-Instrument genutzt
wird und die Hintergrundmodellfehler vernachléssigt werden. Weiterhin wird das Hinzufiigen
eines Cross-Track-Gradiometers zu einer 1I-SST Mission simuliert. Ein CAI-Gradiometer in
Cross-Track-Richtung mit weiflem Rauschen von 1 mE verbessert die Schwerefeldlosung in
den kurzen Wellenldngen signifikant und sorgt fiir ein isotroperes Fehlermuster. Der kumu-
lative Geoidfehler fiir eine Auflosung von 100 km wird dartiber hinaus um ca. 70 % reduziert
im Vergleich zu der 11-SST Einzellosung mit GRACE-dhnlichen Instrumenten.

Schlagworter: Zukiinftige Schwerefeldmissionen, Closed-Loop-Simulation, Satellitengradio-
metrie, 11-SST, Kaltatominterferometrie, Beschleunigungsmesser, Drag-free System
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1 Introduction

The Earth’s gravity field has obtained a great relevance in various ways. The knowledge
about the time-variable part of the Earth’s gravity field gets more important for several
disciplines. The signals are of high significance for many fields such as hydrology, glaciology,
oceanography, solid Earth physics and geodesy (Pail et al., 2015). Moreover, climate change
is currently a major challenge for humanity. According to this aspect, gravity field data
helps to understand the dynamics of the Earth (Tapley et al., 2019). Satellite missions are
powerful methods for observing the global gravity field model with homogeneous accuracy.
The satellite gravity missions Gravity Recovery and Climate Experiment (GRACE) and
Gravity Field and Steady-State Ocean Circulation Explorer (GOCE) successfully mapped
the Earth’s gravity field (Tapley et al., 2004; Drinkwater et al., 2007). This is currently
being continued by GRACE Follow-On (GRACE-FO) (Landerer et al., 2020). GOCE mea-
surements provide a precise, spatial highly resolved static gravity field which is crucial for
understanding the Earth’s interior and ocean circulation. With the missions GRACE and
GRACE-FO it is possible to process monthly gravity fields and thereby learn about temporal
changes. Well known highlights are changes in ice sheets and glaciers, underground water
storage and sea level rise.

Now, the preparation of the so called Next Generation Gravity Mission (NGGM) is funda-
mental. Requirements for the mission are fixed in the first preparation step. In Murbock
(2015) the key questions for NGGM are classified into science requirements, mission objec-
tives, instrument accuracies and orbit constellations. The main objective is the improvement
of the spatial as well as temporal resolution. Both are limited by the number of satellites in
orbit being used. In Reubelt et al. (2014) the goal of a future satellite mission for the spatial
resolution is given as below 100km and a weekly temporal resolution. A high temporal
resolution is important in order to suppress temporal aliasing.

It is necessary to discuss what is achievable by increasing the accuracy of certain instru-
ments with respect to the science requirements. The main instrument error is caused by the
accelerometer. In a GRACE-like mission the accelerometers at the center of mass of each
satellite are needed for measuring the non-gravitational accelerations. Consequently, it is
obvious to refine the state of this sensor. However, the improvement in sensor technology
does not result directly in a better recovered gravity field. Accordingly, the whole concept
has to be evaluated, including the interdependence of individual components. One major
challenge is temporal de-aliasing which gives information about variations over time, e.g. in
atmosphere and ocean. This aspect cannot be solved by the improvement of instruments.
Temporal aliasing is caused by undersampling the signal of interest (Daras & Pail, 2017).

In this thesis new concepts for satellite gravity missions are analyzed with main focus on
accelerometers. There are several activities in the developments of accelerometers, e.g. using



the principle of Cold Atom Interferometry (CAI). The analysis is based on simulations of
different scenarios for low-low Satellite-to-Satellite Tracking (1I-SST') and Satellite Gravity
Gradiometry (SGG) missions. Closed-loop simulations are performed and evaluated on the
basis of the recovered gravity field itself with respect to the reference gravity field model.
The main objectives of this work are:

» quantification of CAI accelerometer benefits for future satellite gravity missions,
« analysis of acceleration variation in one CAI cycle,

o drag compensation system analysis in relation to the accelerometer performance,
» evaluation of an additional cross-track gradiometer on a 11-SST mission.

In chapter 2, fundamentals of gravity field recovery with satellites are briefly addressed. In
order to give a state-of-the-art overview, previous satellite gravity field missions are pre-
sented. Their measurement concepts, sensors and control systems as well as the mission
achievements are specified. In the next section, required improvements for the future are
given. In this context, possible new sensor technologies and measurement concepts are in-
troduced. Evaluations and analyses are performed with simulation studies. Therefore, a
description of the simulation environment is necessary, which is provided in chapter 3. This
includes the simulation of satellite dynamics, models of the sensor behavior and models of
the control system behavior. Besides, models for degradation due to temporal aliasing are
considered. The parameters of interest, which are Spherical Harmonic (SH) coefficients of
the gravity field model, are estimated within a least-squares adjustment. The procedure
is explained for two different groups of observations: range accelerations and gradiometry
measurements. Chapter 4 shows the results of various simulation studies. It is investigated
how a drag compensation system can reduce errors due to accelerometer imperfections, i.e.
the scale factors. Beyond that, accelerometer saturation and propellant consumption are
examined, which depend on the drag compensation. Another separate study relates to CAI
accelerometry. It is investigated how critical an acceleration change within an interferome-
ter cycle impacts the CAI measurement. Further sections of chapter 4 present the resulting
gravity field solutions for different scenarios. Different accelerometer and ranging measure-
ment performance models as well as orbit altitudes are tested for a 1I-SST mission. Aside
from that, several sensitivities for a cross-track gradiometer are analyzed. Based on these
solutions, combinations of 1I-SST and cross-track gradiometry are then evaluated. Finally,
chapter 5 presents the summary of the results and discussion of this thesis as well as outlooks
for future work.



2 Satellite Gravity Missions

This chapter introduces fundamentals on gravity field recovery using satellite methods. First,
the satellite orbital motion and forces acting on the satellite body are described. The rep-
resentation of the Earth’s gravity field is specified. Additionally, basic principles of past
satellite gravity missions are explained. State-of-the-art measurement concepts, sensors and
control systems are addressed including their characteristics and drawbacks. Thus, studies of
possible improvements on the level of sensor technology and orbit constellation are presented.

2.1 Fundamentals of Gravity Field Recovery with Satel-
lites

2.1.1 Motion of a Satellite in Space

The dynamics of a satellite in space depend on the forces acting on it. Gravitational forces,
also called conservative forces, influence the motion because of mutual mass attraction. The
orbital satellite motion is described by the equation of motion in a simplified scenario for a
point mass as

G M,
7-3

F=— r, (2.1)
where G is the constant of gravitation, Mg is the mass of the Earth and r is the geocentric
position of the satellite, while ¥ is its acceleration (Torge & Miiller, 2012). The equation of
motion is based on several assumptions: the Earth and the satellite are homogeneous point
masses, only gravitational forces are present and the mass of the satellite is neglected. The
equation describes the two-body problem which only considers the Earth and the satellite
(Seeber, 2003).

The description of the satellite motion requires six independent parameters, e.g. initial
position and initial velocity of the satellite. According to Kepler’s three laws of planetary
motion, the satellite orbit can be described by the Keplerian elements. These six Keplerian
elements are the semi-major axis a, the eccentricity e, the inclination ¢, the right ascension
of the ascending node 2, the argument of the perigee w and mean anomaly M. Instead of
M also the true anomaly u or eccentric anomaly E can be used (Montenbruck & Gill, 2000).
The assumptions for the equation of motion (2.1) deviate from reality. The satellite motion
is perturbed by several forces. Instead of a point mass the Earth is an inhomogeneous
body, hence the non-spherical parts of the Earth’s gravitation need to be considered. In
addition, the gravitation of other bodies such as Moon and Sun influences the satellite



motion. Furthermore, there are tidal deformations of the Earth caused by other bodies
and variations due to terrestrial mass displacements, e.g. the redistribution of ocean water
masses. Besides gravitational forces, non-gravitational forces act on the satellite. They are
also known as surface forces and are primarily caused by atmospheric drag, solar radiation
pressure and Earth albedo. Equation (2.1) can be extended by these further terms:

GM,

=
r3

r+ -I:h + .I:dis,grav + .I:dis,non—gravv (22)

where ¥, is the inhomogeneous part of the gravity field, ¥4sgrqv is the part of other grav-
itational disturbing forces and ¥gisnon—grav is the part due to non-gravitational disturbing
forces. The difference between the undisturbed orbit and the actual orbit is caused by the
disturbing forces and the inhomogeneous part of the gravity field. Thus, disturbing forces
have to be modeled or measured in order to obtain the inhomogeneity of the Earth’s gravity
field.

2.1.2 Representation of the Earth’s Gravity Field

The determination of the Earth’s gravity field is a fundamental task of geodesy because the
physical figure of the Earth is primarily shaped by the Earth’s gravity and most geodetic
observations refer to it (Torge & Miiller, 2012). The Earth’s gravity potential W is composed
of the gravitational potential V' and the centrifugal potential ®:

W=0a+V. (2.3)

The centrifugal force is caused by the rotation of the Earth about its axis. The centrifugal
acceleration is known with high accuracy from astronomy. Accordingly, the centrifugal
potential is obtained through

w2

O(r,y,2) = 5 (2" + %), (2.4)
where z and y are the coordinates of a point in the Earth-fixed system and wg, is the angular
velocity of the Earth’s rotation about its axis (Torge & Miiller, 2012).

The Earth’s gravitational field can be expressed in terms of spherical harmonic functions
(Hofmann-Wellenhof & Moritz, 2006):

GMGB N R n+tl n _ ' _
V(r,0,\) = = > (r> > [Crm co0SMA 4 Sy SinmA] Py (cos ©), (2.5)
n=0 m=0

where V' is the gravitational potential, the radius r, the co-latitude © and the longitude A
are the spherical coordinates of the calculation point, GMg is the gravitational constant of
the Earth, R is the radius of the Earth, n, m are SH degree and order, respectively. N
denotes the maximum degree, P, are fully normalized associated Legendre functions, Coom
and S,,, are the normalized SH coefficients, respectively.

The SH coefficients are subdivided into zonal, sectorial and tesseral harmonics for the geo-
metrical interpretation. The zonal harmonics for m = 0 are independent of the longitude A
and oscillate in latitudinal direction only. The sectorial harmonics for m = n oscillate only
in longitudinal direction. The harmonics are tesseral for m # 0, which means they oscillate

4



in latitudinal and longitudinal direction.

Low degree SH coefficients give insight about simple physical properties of the body. The
coefficient Cyg represents the total mass of the Earth. The coordinates of the center of mass
are defined by Cjg, C1; and Si;. The coefficient Cs characterizes the polar flattening of the
Earth. The asymmetry of the equatorial mass distribution is given by Cy. The torsion of
the principal axes of inertia are given by Cy;, So1 and Sae (Torge & Miiller, 2012).

Error representation

The recovered gravity field needs to be validated and evaluated. The variance-covariance
matrix gives information about the formal errors of the estimated SH coefficients. In the
spectral domain, there are two categories of error representation:

o the two-dimensional error: The square-root of the diagonal elements of the variance-
covariance matrix of the unknowns Q;; are displayed in a triangle which shows the
error for each coefficient,

o the one-dimensional error: The sum of the squares of the error or signal of the coeffi-
cients at the same degree.

The error degree variance (one-dimensional error) is obtained by

on=>_(0¢,, +05..), (2.6)

m=0
where oo, and og,  are the formal errors of the estimated coefficients. The error represen-
tation can also be calculated by the coefficient differences between reference gravity field and
estimated gravity field AC,,,, and AS,,,. The degree Root Mean Square (RMS) is obtained
by dividing the degree variance o2 by the number of coefficients and taking the square root:

MS, = n__ 2.
RMS;, 2n + 1 (2.7)

The cumulative or commission error is the sum of errors up to a certain degree:

N
CUMy = | 3" o2, (2.8)
n=0

In order to derive the cumulative geoid error, the eigenvalue A of the gravitational function
is required:

N
CUMy (geoid height) = || > 02X2, (2.9)
n=0

where A is the radius of the Earth with the geoid height as the gravitational functional.
The evaluation in space domain is also often substantial, e.g. patterns due to sampling in



space and the orbit configuration can be identified. B B
The disturbing potential T is calculated with the coefficient differences AC,,,, and AS,,,:

GMg &L (RN &\ A _ _
T = 7 > () > [AC,, cosmA + AS,, sinmA] Py, (cos ©), (2.10)
— \r

m=0

with the variables according to equation (2.5). The error can also be expressed in terms
of geoid height, gravity anomaly, gravity gradient component or Equivalent Water Height
(EWH):

o geoid height

N n+l n _ B _
N=R) (R) > [ACy, cosmA + AS,,, sinmA] P, (cos ©), (2.11)
n=0 r m=0
o gravity anomaly
M. N n+1 n B _ B
Ag = GRT@ Z (f) (n+1) Z [AC,,, cosmA+ASy, sinmA] P, (cos 0), (2.12)
n=0 m=0

» radial gravity gradient component

GM@ ntl oo _ _
Ly = Z ( ) (n+1)(n+2) Z [AC,,, cosmA+ AS,,,,, sinmA] P,,,(cos©).

m=0

(2.13)

The EWH is calculated using the following equation (Schrama et al., 2007; Wahr et al.,
1998):

Rp. X oam+1 &

Z T Z (AC,m cos(mA) 4+ AS,,, sin(mA)) Py, (cos(0)),  (2.14)

AFEWH =
3)0w n=0

where p, is the average density of the Earth, p, the density of water and k, is the Love
number of degree n.

2.1.3 Orbit Design of Satellite Gravity Missions

The orbit parameters of the satellite mission strongly affect the recovered gravity field so-
lution. They determine the coverage of the Earth, the repetition cycle and signal strength
of the gravitational signal. In this thesis, satellite dynamics are simulated for different orbit
scenarios which are explained in chapter 3.

There are two complimentary arguments for the choice of orbit altitude. On the one hand,
satellites with high altitudes are only sensitive to long-wavelength parts of the gravity field.
The main reason is the attenuation factor (a./r)"™ in the spherical harmonic expansion of
the gravitational potential (Torge & Miiller, 2012). On the other hand, the altitude is a
determining factor for the mission duration as the atmospheric drag forces decrease with

6



increasing altitude. A compromise must be found between these oppositional arguments. In
general, altitudes between 200 km and 500 km are suitable for satellite gravity missions.
The inclination specifies the coverage of the Earth. In order to cover the whole Earth, the
inclination has to be 90° which is also called polar orbit. An deviation from 90° leads to
an observation gap which occurs in the polar regions. The more the inclination deviates
from 90°, the bigger is the polar gap. The inclination might differ from the 90° to obtain a
sun-synchronous orbit. Thereby, small temperature variation and a rather continuous energy
supply using solar panels is guaranteed. The orbit eccentricity should be close to zero. This
leads to a virtually constant distance to the Earth over a whole orbit revolution.

In Table 2.1 orbit parameters of the missions GRACE and GOCE are summarized. GOCE
was in a sun-synchronous orbit with low altitude which required a drag-free control system.
Consequently, the orbit altitude is maintained by the control system. In comparison, the
altitude of GRACE steadily decreased during the mission lifetime.

A repeat cycle assures a global coverage after a specific time span. It means, after one repeat
cycle the satellite covers the same Earth-fixed position again. The repeat cycle is defined
by the ratio 8/a, where 3 is the integer number of orbital revolutions and « is the integer
number of nodal days. One nodal day is the period between the recurrence of the ascending
node of the satellite orbit over the same Earth-fixed meridian. According to Colombo (1984)
the maximum resolvable degree for a particular orbit configuration is given by n < g If the
gravitational field should be estimated up to a certain degree n at the equator, the satellite
has to perform 2n revolutions per day or a longer observation time is required (Torge &
Miiller, 2012). An odd parity of 8 — « results in a denser spatial coverage (Weigelt et al.,
2013). In Murbock et al. (2013) optimal orbit altitudes for temporal gravity field recovery
are designed.

In general, the product of the spatial resolution and the temporal resolution is constant. An
improvement of both can only be achieved by increasing the number of satellites.

Table 2.1: Orbit parameters of previous satellite gravity missions

altitude inclination repeat cycle
GRACE 485km - 300 km (decay) 89.0° 30 days (non-repeat ground track)
GOCE 260 km 96.7° 61 days (979 revolutions)
GRACE-FO 491 km (initial altitude) 89.0° 30 days (non-repeat ground track)

2.2 Previous Satellite Gravity Missions

2.2.1 Missions and Measurement Concepts

There are two major measurement concepts for satellite gravity missions: Satellite-to-Satellite
Tracking (SST) and satellite gravity gradiometry (SGG). The Challenging Minisatellite
Payload (CHAMP) mission realized the SST in high-low mode with Global Positioning
System (GPS) satellites. The mission GRACE applied additionally to high-low Satellite-
to-Satellite Tracking (hl-SST) the principle of 11-SST with two low-orbiting satellites. The
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Figure 2.1: Scheme of the different measurement concepts: 11-SST, hl-SST and SGG

concept of SGG was first realized by the GOCE mission. The three concepts are illustrated
in Figure 2.1. The techniques differ not only in their measured quantities but also in their
sensitivity to certain wavelengths of the gravitational potential.

CHAMP has demonstrated a new era of global gravity field recovery (Reigber et al.,
2005). The mission was active from 2000 to 2010 with the goal to improve observations
of the Earth’s gravity field, magnetic field, atmosphere and ionosphere. The gravitational
orbit perturbations are used for the global gravity field model computation. According to
equation (2.2), the difference between the true and the unperturbed orbit gives information
about the Earth’s gravity field. In order to obtain only perturbations caused by the Earth’s
gravity field, other disturbances like atmospheric drag have to be measured or modeled and
subtracted from the full signal. The true orbit of the satellite is derived from positions using
GPS resulting in the hl-SST approach since the GPS satellites are in a much higher orbit (of
about 20.000 km, Medium Earth Orbit (MEO)) than the CHAMP satellite (450 km). The
achieved geoid accuracy with CHAMP is 10 mm for a spatial resolution of 350 km and 1 mm
for 1000 km.

The objective of the GRACE mission was to obtain models of the time-variable part of
the Earth’s gravity field with a much better resolution (Case et al., 2010). The mission op-
erated from 2002 to 2017 and consisted of two almost identical satellites orbiting in an in-line
formation with a distance of about 220 km between them. The satellites revolve around the
Earth in near circular orbits with inclination of 89° at an altitude of approximately 500 km
at mission start. The inter-satellite distance is tracked by the K- and Ka-band microwave
ranging system (Tapley et al., 2004). Thanks to the 1I-SST constellation the monthly so-
lutions achieve mm-geoid accuracy with a spatial resolution of 350km (Dahle et al., 2014).
Since 2018 the GRACE concept is pursued by the GRACE-FO mission. Additionally to
the K-band microwave ranging system, an Laser Ranging Interferometer (LRI) is on board
in order to improve the 1I-SST measurements (Kornfeld et al., 2019).

The distance change in Line-of-Sight (LOS) between the two satellites gives information



about the Earth’s gravitational field. It reads at acceleration level:
Aay = p — Aayy, (2.15)

where Aa, is the differential gravitational acceleration which depends on the time, the po-
sitions of the two satellites and the Earth’s gravity field. The second derivative of the range
p is measured by the ranging instrument. The non-gravitational accelerations Aa,g can be
seen as disturbances and are measured by the accelerometers located in the center of the
mass of the satellites. The positioning of the GRACE satellites as well as the time synchro-
nization is done by the hl-SST approach using GPS.

GOCE was the first gravitational gradiometry mission which was launched in 2009 in con-
text of the Living Planet program of the European Space Agency (ESA) (Drinkwater et al.,
2007). The mission objective was to determine the static part of the Earth’s gravity field
with high spatial resolution and accuracy. The low altitude of 246 km necessitates drag
compensation due to the high atmospheric density at this altitude. The drag-free system
compensated the non-gravitational acceleration in along-track direction. Consequently, the
fuel budget for the ion propulsion system defined the mission lifetime which ended in 2013.
The high spatial resolution is achieved by measuring the second derivative of the gravitational
potential. The principle of gradiometry is based on differential acceleration measurements
(Rummel et al., 2011). The observed gravity gradient - e.g. for the x-direction - ', is
computed from the acceleration difference Aagy, divided by the length of the baseline L,
between the accelerometers:

T, = AL“%. (2.16)

For a spatial scale of 100 km an accuracy of 1.7 cm is obtained (Gruber et al., 2019).

2.2.2 State-of-the-art Sensors

Sensors of a satellite mission are a crucial factor for the quality of the end products. The
most relevant sensors and their principles of operation are addressed in this section. This
includes their characteristics, measurement accuracies and limitations. The sensor noise
models which are included in the simulation are not explained in this section, but in chap-
ter 3.

Accelerometer

The missions CHAMP, GOCE, GRACE and GRACE-FO have accelerometers developed
by Office National d’Etudes et de Recherches Aérospatiales (ONERA) on board. However,
they are used to measure different signals: gravitational or non-gravitational accelerations.
In GOCE, six accelerometers in a so-called diamond configuration around the center of
mass form a gradiometer. The measured differential accelerations give a direct link to the
gravity potential. In contrast, the other missions need accelerometers to determine the
non-gravitational accelerations which are considered as perturbations. Therefore, their ac-
celerometers are located in the center of mass of the satellite, where the gravitational force



and the centrifugal force are in balance. Consequently, only the non-gravitational forces are
measured by these accelerometers.

All missions so far have operated with electrostatic accelerometers. The acceleration mea-
surements are based on the electrostatic force which is necessary to maintain the proof mass
at the center of the cage. The position of the proof mass is servo-controlled in terms of
translation and rotation. The movement of the proof mass leads to capacitance difference
between C1 and C2 (cf. Figure 2.2) which is measured by the capacitive sensor and ampli-
fied. The corrector determines the drive voltage to be applied to the electrodes in order to
reduce the capacitance difference to zero (Johannessen & Aguirre-Martinez, 1999; Touboul
et al.; 1999). The control voltages are transformed to accelerations by a transfer function
(Stummer, 2012).

—| detection voltage |~7

‘ output

C1
>

&— capacitive drive voltage
sensor amplifiers

Figure 2.2: Servo-control channel of an electrostatic accelerometer for one axis, Figure mod-
ified from (Johannessen & Aguirre-Martinez, 1999; Touboul et al., 1999)

The accelerometers of all satellite gravity missions worked with the same principle, but still
differ in their performance due to further developments and different on-board environments.
It has to be noted that the verification of the accelerometer performance in space is a
challenging task. The main contributions to the noise of an Electrostatic Accelerometer (EA)
are (Touboul et al., 2016):

e detector noise,

o wire damping,

« measurement readout and digitalization noise,

o thermal sensitivity of the bias,

o parasitic acceleration inside the accelerometer core.

The detector noise from the electronic noise of the capacitive position sensor increases with
frequency. Hence, the detector noise is dominant in high frequencies. The parasitic acceler-
ation inside the accelerometer core are residual acceleration disturbances directly acting on
the test mass. This is a limiting factor in the low frequencies. Temperature variations lead
to a variation of the electronic bias in low frequencies which is a critical contributor as well.
The noise due to the read-out analogue-digital-converter is the dominant factor between the
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frequencies of 0.005 Hz and 0.1 Hz. The best trade-off between the required measurement
range and noise has to be found. According to Touboul et al. (2016) and Zhu et al. (2013)
the wire damping is not a critical factor.

The EAs of CHAMP, GRACE and GOCE provide three linear accelerations along the axes
of the instrument frame (x, y and z axis in the following). They have two ultra-sensitive axes
and one less sensitive axis due to ground tests under 1g conditions (Touboul et al., 2012;
Frommknecht, 2007; Johannessen & Aguirre-Martinez, 1999). Their performance parame-
ters are summarized in Table 2.2. EAs include systematic errors and need to be calibrated,
which is described in section 2.2.4.

The STAR accelerometer used in CHAMP has a measurement range of +£107* m/s*>. The
accelerometer noise is at the level of 3 x 10~ m/s?/+/Hz for the y and z axes and 3 x 108
m/s?/v/Hz for the z axis within the measurement bandwidth from 10~* Hz to 10~' Hz
(Touboul et al., 2012).

The two Super-STAR accelerometer of GRACE have a reduced full scale range and a better
accuracy at the level of 1 x 10719 m/s?/+/Hz for the high-sensitive axes x and z and 1 x 10~°
m/s?/v/Hz for the y axis. The saturation limit for the x and z axes is +5 x 107 m/s?
and 45 x 107 m/s? for the y axis (Hudson, 2003). The proof mass is a 4mm x 4mm X
I mm large titan cube with a mass of 70 g (Frommknecht, 2007). The performance of the
GRACE-FO accelerometer is similar to the one of GRACE (Christophe et al., 2015).

The accelerometers of GOCE have an even lower noise level of 2 x 107! m/s?/v/Hz in the
Measurement Bandwidth (MBW) from 5 x 107® Hz to 0.1Hz (Touboul et al., 2012). An
accelerometer performance of 3 x 1072 m/s?/v/Hz was verified in orbit (Christophe et al.,
2010). The quiet environment is enabled by the drag-free system and the fine active thermal
control of the instrument case which is needed for achieving this high performance (Touboul
et al., 2012). The GOCE accelerometer test mass has also a size of 4mm X 4mm X 1mm
(Johannessen & Aguirre-Martinez, 1999). The measurement range is +6.5x 107° m/s* (Mar-
que et al., 2008).

Table 2.2: Accelerometer performances

accuracy ultra-sensitive axes measurement bandwidth saturation limit

CHAMP 3 x 107 m/s*/vHz 10~* Hz to 107! Hz +1 x 107* m/s?
GRACE 1x1071° m/s?*/vHz 10~* Hz to 107! Hz +5 x 107° m/s?
GOCE 2 x 10712 m/s? /v Hz 5x 1073 Hz to 107 Hz ~ 46.5x 1075 m//s?

Inter-satellite Ranging Instrument

The range measurement between the two satellites is fundamental for the missions GRACE
and GRACE-FO. The K-band Ranging System (KBR) measures the change of the inter-
satellite distance. The microwave ranging system operated with two frequencies, 24 GHz and
32 GHz, to remove variable ionospheric delays. The KBR noise is estimated with 2 pm/ VHz
(Frommknecht, 2007).

With GRACE-FO, an LRI System is demonstrated (Sheard et al., 2012) to measure the
change in distance between the two satellites additionally to the KBR. The LRI has a lower
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noise compared to KBR of about 1nm/+/Hz for frequencies above 100 mHz (Abich et al.,
2019).

Star Camera

The determination of the satellite attitude is needed for in-orbit-maneuvers to keep the spec-
ified spacecraft orientation and for post-processing and gravity field recovery. Star cameras
provide the attitude of the satellite with respect to the inertial frame. The star camera
measurements are characterized by their anisotropic accuracies: rotations around the x-axis
and y-axis are measured more accurately with an accuracy of 30 prad. The accuracy of the
measured rotations around the z-axis is 240 prad (Bandikova & Flury, 2014).

GNSS Receiver

The Global Navigation Satellite System (GNSS) receiver is required for the estimation of
Low Earth Orbit (LEO) satellite positions. The orbit perturbations give information about
the long wavelengths of the gravity field signal following the hl-SST approach. Moreover,
the timing of all sensor data captured on board is realized using the GNSS signals.

The reader is referred to Frommknecht et al. (2011), Stummer et al. (2012), Case et al.
(2010) and Wen et al. (2019) for further information about inter-satellite ranging instru-
ments, star camera and GNSS receiver.

2.2.3 State-of-the-art Control Systems

Control systems of a satellite mission can be categorized in attitude control systems and
drag-free control systems. All control systems consist of sensors and actuators.

Attitude Control System

The attitude control system has to be adapted to the requirements of the mission. The
GRACE mission required a precise attitude control to enable the inter-satellite ranging.
For GRACE-FO the requirement for the inter-satellite pointing is even higher due to the
much smaller area illuminated by the laser beam compared to the cone formed by the K-
band signal. However, the stringent pointing requirement of a few mrad for LRI is achieved
by a fast steering mirror instead of the attitude control system (Wegener, 2022). Sensors,
which contribute to determine the actual attitude and the required attitude, are the Coarse
Earth and Sun Sensors for Earth-vector and Sun-vector determination, magnetometer for
the magnetic field measurement, Inertial Measurement Unit (IMU) for the angular velocities,
star cameras for the spacecraft attitude w.r.t. inertial reference frame and GNSS receiver
for orbit determination and timing (Herman et al., 2004). The actuators of the GRACE and
GRACE-FO attitude control systems are magnetic torque rods and cold gas thrusters. The
magnetic torque rods use the Lorentz force which is generated by a current of the Earth’s
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magnetic field. The produced mechanical torque r,, results from the combination of the
magnetic dipole moment of the rod m and the Earth’s magnetic field B:

r, =mx B. (2.17)

According to the parameters of GRACE-FO, maximum magnetic control torques of 1.5 mN m
for roll, 1.7mNm for pitch, 0.9 mN m for yaw are possible. The magnetic torques rodes are
used primarily for attitude control. However, if the magnetic field lines are parallel to the
required torque, the cold gas thrusters are needed. The control force acts in the opposite
direction of the outstreaming gas. The corresponding torque ry,,. is given by the thrust force
vector F' and the position vector r:

Iy =1 X F. (2.18)

The thruster torque is in the order of 10 mN m (Wegener, 2022).

The pointing requirement in GOCE is less stringent, but nevertheless a very quiet environ-
ment is needed. The star cameras, described in 2.2.2, provide the precise attitude infor-
mation. In GOCE, only magnetic torquers are used as actuators for the 3-axis stabilized
attitude control. Reaction wheels or reaction control thrusters are not appropriate because
they would not ensure a quite environment (Romanazzo et al., 2011).

Drag-free Control System

GOCE was the first satellite mission with a drag-free control system which compensates
disturbances in flight direction caused by non-gravitational forces. The non-gravitational
accelerations are measured by the gradiometer. There, the common mode accelerations
represent the non-gravitational disturbances. The Ion Propulsion Assembly continuously
counteracts these perturbations and consists of two fully redundant assemblies with one
storage tank of 41 kg of Xenon propellant. The thrust range is from 0.6 mN to 20 mN (Ro-
manazzo et al., 2011).

2.2.4 State-of-the-art Accelerometer Calibration

Accelerometers perform highly sensitive measurements, but there are still systematic effects
which degrade these measurements. Therefore, a calibration is needed in order to reduce
these effects. Reasons for these effects are, e.g., that the accelerometer is not at the exact
nominal position or the accelerometer axes are not completely orthogonal to each other.
The misalignment angles represent the rotational deviation from the nominal orientation
and the coupling parameters typify the deviation from orthogonality. The accelerations have
quadratic factors, scale factors and biases due to inaccurate knowledge about the transfer
function converting the control voltages to accelerations and about the electrostatic gain.

The true acceleration a; differs from the measured acceleration a; as follows (Siemes, 2012):

Siw TG fi—€
a; = |o; — CZ Siy Yi + 51 C~Lz + bl + n,, (219)
Bite vi—0  Sis
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where s; 4, 5i 4, S; . are the scale factors, «;, §;,7; are the shear parameters due to coupling,
0;, €;, (; are the rotation parameters due to misalignment, b are the biases, m is the noise
vector and ¢ is the index of the accelerometer.

There are different calibration methods for the measurement concepts implemented by
GRACE and GOCE. GOCE has six accelerometers on board whereby the calibration can be
performed in terms of differential mode and common accelerations. In contrast, one GRACE
satellite has only one accelerometer on board. Thus, external information is required.

The calibration method for gradiometer measurements is presented in Siemes (2012) and
Siemes et al. (2012). It is based on twelve conditions for accelerometer measurements and
star camera measurements. Scale factors, shear parameters and rotation parameters are
estimated with this method. The parameters are estimated via least-squares adjustment
including a stochastic model for misclosures of the conditions.

For a single satellite the gradiometer calibration procedure is not applicable. In Vielberg
et al. (2018) three calibration methods are compared: multi-step numerical estimation ap-
proach based on the numerical differentiation of the kinematic orbits of LEO satellites, a
calibration within the dynamic precise orbit determination and a comparison of the mea-
sured and the modeled non-gravitational forces.

In Klinger and Mayer-Giirr (2016) a two-step calibration using models of non-gravitational
accelerations is proposed. The obtained calibration parameters using these models are used
as a priori values for the estimation within the gravity field recovery. Scale factors and biases
are estimated daily. It has been found that there is a temperature-dependent behavior of the
calibration parameters (Klinger & Mayer-Giirr, 2016). In Wéske et al. (2018) a calibration
method completely based on precise non-gravitational force modeling is presented.

2.3 Concepts for Future Satellite Gravity Missions

This section presents theoretical concepts for NGGM. First, an overview of the challenges
of gravity field determination with satellites is given. The concepts are categorized in im-
provements in sensor technology and improvements in orbit design.

2.3.1 Challenges of Satellite Gravity Missions and Requirements
for Future Satellite Missions

The gravity field recovery using satellites has several advantages. The satellite observations
enable global, homogeneous coverage which is an advantage compared to the regional cov-
erage of terrestrial techniques. However, the spatial and temporal resolution achieved by
current satellite missions is limited. This has to be improved by future missions. With an
increased number of satellites a better temporal resolution could be achieved. However, this
also increases the overall costs of a satellite mission. Concerning this, the mission duration
is significant as well. In literature a minimum duration of 10 years is recommended (Gruber
et al., 2014a; Reubelt et al., 2014).

The choice of the orbit parameter has a large effect on the quality of the recovered gravity
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field. LEO satellites are chosen for gravity missions. The orbits should be circular and
nearly polar in order to cover the whole Earth with constant accuracy. Aspects of satellite
orbit design are described in section 2.1.3 in detail. The satellite orbit has to be tracked
continuously using GNSS sensors. An important criteria is the isolation of the gravitational
signal. For this reason non-gravitational signals have to be measured by the accelerometers
on board of the satellite. Accelerometers are one of the limiting factors when the instrument
accuracy is considered.

The major challenge in global gravity field recovery is the time-variable background mod-
eling. With GRACE and GRACE-FO it is possible to detect monthly mass changes with
a spatial resolution of 350km. In Mayer-Giirr et al. (2018) solutions with higher spatial
resolution, up to SH degree 120, are estimated, which corresponds to a spatial resolution of
approximately 170km. Signals of processes shorter than this time period, i.e. one month,
can not be detected which leads to temporal aliasing. Furthermore, small-scale features can
not be measured which results in spatial leakage (Dobslaw et al., 2017).

The main achievement of GOCE is the high spatial resolution of the geoid. The static
part of the Earth’s gravity field has been determined with a precision of below 2 cm in terms
of geoid heights for a resolution of 100 km (Brockmann et al., 2021). In combination with
satellite altimetry, which gives information about the sea surface height, dynamic ocean to-
pography can be determined with a resolution of 80km to 100km. Beyond that, GOCE
contributes to the realization of a global unification of height systems and understanding the
Earth’s interior (Pail et al., 2015).

GRACE observations enabled the quantification of mass transport processes in the Earth
system. Mass transport processes and redistribution of masses are visible in terrestrial water
storage, continental aquifers, glaciers and ice sheets (Tapley et al., 2019). The monitoring of
changes over time in the Earth’s gravity field gives valuable insights, also in the context of
the global climate change (Rodell et al., 2018). Application examples are the observations
of mass changes of glaciers and ice caps, water storage variations (seasonal, inter-annual
and long-term) or the detection of anthropogenic groundwater depletion. The mass loss in
Greenland and Antarctica is quantified to 279 Gt/yr and 128 Gt/yr, respectively (Rodell et
al., 2018). In addition, GRACE gives relevant insight about the global mean sea level rise.
The global sea level rise has two components: the thermal expansion and the mass change.
The latter can be measured by GRACE observations. In Eicker et al. (2020) even daily
GRACE gravity field solutions up to degree 40 are analyzed to investigate high-frequency
hydro-meteorological fluxes over the continents. However, the lower spatial resolution of
500 km causes spatial leakage effects.

In spite of the great achievements by the missions GOCE, GRACE and GRACE-FO im-
provements are needed for the observation of smaller mass transport processes. In Pail et al.
(2015) science and user needs for future satellite gravity mission observations are derived.
Joint requirements are set as a compromise of various fields like hydrology, cryosphere, oceans
and solid Earth in order to cover a wide range of applications. The required target perfor-
mance in terms of EWH is stated as 5 cm for monthly solutions and 0.5 cm/yr for long-term
trends at a spatial resolution of 150 km. This corresponds to a monthly geoid height error
of 0.1 mm for 150 km resolution. In Gruber et al. (2014a) the required monthly geoid height
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error is stated with 1 mm for 150 km resolution. In several studies, it is proposed to design
the missions with subcycles within one repeat orbit. Thereby, gravity eld solutions with
higher temporal resolution of one week or even one day can be determined with reduced
spatial resolution. Many applications with social bene t would need products with temporal
resolution from one to a few days. It is of great interest to extend the available time series
of global gravity measurement and increase both spatial and temporal resolution.

2.3.2 Developments in the Sensor Technology

Available and emerging sensor technologies are an important component in the mapping of
the Earth's gravity eld. In this section, further developments of space accelerometers are
summarized. Instruments in space are faced with some challenges. The robustness to the
radiation environment, launch vibrations and thermal vacuum are important. The reliability
and traceability of the production, maintenance and tests must be demonstrated (Touboul
et al., 2016). The classical EAs have already demonstrated their robustness and performance
on board of satellites. Bene cial for inertial sensors are the microgravity environment and
shielding of the satellite or thermal control (Touboul et al., 2016).

Further Development of Electrostatic Accelerometers

One challenge is the characterization of the space accelerometer performance. The perfor-
mance is estimated with a combination of the mathematical formulation of the impact of
each contributor, tests for assessing the level of this contributor and ight data. The noise
of the electronics is precisely measured on ground and converted into acceleration (Touboul
et al., 2016). But still these sensors cannot be tested e ectually under 1 g conditions. Ac-
cording to Touboul et al. (2016) possible solutions are:

electrostatic levitation of the test mass in order to enable sensor tests in the horizontal
plane,

mechanical levitation of the test mass with a wire,
free-fall tests.

The ONERA accelerometers so far used in gravity missions have two high-sensitive axes and
one less-sensitive axis due to the calibration on ground (Frommknecht, 2007; Christophe
et al., 2018). For the calibration, the proof-mass is levitated under 1 g conditions to verify
the accelerometer performance on an anti-seismic pendulum (Christophe et al., 2018). With
new catapult drop tower and experiences in the accelerometer design, it is now possible to
perform on ground veri cations without levitation under 1g conditions. This procedure was
demonstrated successfully with the Microscope mission (Christophe et al., 2018; Touboul
et al., 2017).

The MicroSTAR accelerometer is an enhanced electrostatic accelerometer. It has a cubic
test mass which implicates three high-sensitive axes. Moreover, the sensor provides angular
accelerations. The test mass is controlled with three pairs of electrode plates, each having
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two degrees of freedom. The expected accuracy i 6 10 1> m=s* within the measurement
bandwidth from 0:2mHz to G1Hz. The proof mass has the sizes 3030 30 mm and

a weight of 218g. The distance between the test mass and the electrode plates isp®0
which provides a measurement range of6:4 10 & m=s?. In high frequencies, the main noise
contributor is the capacitive detector noise. In low frequencies, it is the contact potential
noise and the bias thermal uctuation (Christophe et al., 2018). The accuracy of angular
acceleration measurements is2:2 10 ° rad s ? inside the measurement bandwidth from
0:2mHz to G1Hz. In December 2016, rst drop tower experiments have been performed at
Zentrum far angewandte Raumfahrttechnologie und Mikrogravitation (ZARM) in Bremen,
Germany, with the prototype for testing the control loop.

Electrostatic Accelerometer with Optical Sensing

The development in laser interferometry metrology enables the concept of an EA with opti-
cal sensing. The experiences of the Laser Interferometer Space Antenna (LISA) Path nder
mission are bene cial for the development of this concept. The principle of such an optical
accelerometer is very similar to the one of an electrostatic accelerometer. The di erence
Is the detection of the test mass position. Instead of a capacitive detection, the test mass
position is measured by laser interferometry. Additionally, the interferometer readout is used
for the correction of the electrode voltage output signal (cf. Figure 2.3).

In Alvarez et al. (2022), a new inertial sensor based on the LISA Path nder technology is
designed and analyzed. The test mass charge is controlled by an UV LED-based charge
management system instead of using a grounding wire. This replacement allows an increase
of the mass from 100g to 500g and an increase of the gap between the electrode housing
and the test mass from 10Qm to 1 mm. The estimated acceleration noise model for a
mission with drag compensation at 350km is 5 10 ¥*m=¢’ in the MBW from 0:1 mHz to
3mHz. The performance is limited by the capacitive sensing noise in the frequencies above
3mHz. The noise level is at a level of 5 10 ? m=s? in the frequencies below 8 mHz for a
GRACE-FO-like mission at 500 km.

Figure 2.3: Servo-control channel of an electrostatic accelerometer for one axis with addition
of a laser interferometer
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Cold Atom Interferometry Accelerometer

A new instrument concept which relies on the manipulation of matter waves through atom
interferometry o ers advantages against the classical EA type. The principle of CAIl has
already applied to ground sensors like cold atom gravimeters or gravity gradiometers (Tino,
2021).

One measurement cycle of the atom interferometer is divided in three segments: prepa-
ration of the atoms, free fall and interferometer sequence and detection of the atomic states.
The atom cloud consisting for example of 0 10° Rubidium 8’Rb atoms is prepared by
laser cooling and trapping techniques (Carraz et al., 2014).
The principle of atom interferometers is predicated on the interference of matter waves and
the superposition principle of atoms (cf. Figure 2.4) . The atoms can be in ground state
jgi or in excited statejei depending on the atomic energy level. The interaction between
an atom and a photon causes a change of the atomic energy level. The atomic state change
leads to a momentum transfer which results in a spatial separation of the atoms in di erent
states. The atom moves in the direction of the laser beam if the photon is absorbed. If it is
emitted, the atom moves in the opposite direction. The momentum transferp depends on
the reduced Planck constant- and wave vector of the laser lighk: p = ~k. A two-photon
Raman transition using two counter-propagation beams leads to an e ective wave vector
Kett Which is the di erence of the two wave vectors. The stimulation of an atom in the
ground statejgi; pi puts the atom in the excited stateje;p + ~kess | (Kasevich & Chu, 1991;
Schilling, 2019).
Several approaches exist to implement an atom interferometer. One is the Mach-Zehnder in-
terferometer which consists of three interactions between photons and atoms. The sequence
of such an interferometer is: beam splitter - re ector - beam splitter (which is here realized
by quantum-optical methods instead of optical component parts). The beam splitter trans-
fers an atom in a di erent state with a probability of 50% by a so called=2 pulse. After
a time interval T the re ector changes the atomic state with a probability of 100% by a
pulse. After another time interval T a second =2 pulse interacts with the atoms. The
type of interaction is controlled by the pulse duration of the laser light. The interferometer
sequence is illustrated in Figure 2.4.

Figure 2.4: Mach-Zehnder atom interferometer, modi ed from (Schilling, 2019)
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The phase shift is given by the phase dierences ; between the two Raman lasers at
the time of the i-th laser pulse (Lautier et al., 2014):

= 1 22+ 3 (2.20)

The observable of the interferometer is the population of atoms per state. The transition
probability P is derived form the measured populatioN; in the two output ports of the
interferometer:

Ny C

P=_——=—co ; 2.21
N, - 200) (2.21)
whereC is the interferometer contrast. The presence of an acceleratians re ected in the
phase shift as follows

= ke aT?; (2.22)

with Ketf = jKets ] @S € ective wave number of the Raman pulse and as time interval
between the pulses.

Terrestrial cold atom gravimeters have already been developed for example by LNE-SYRTE
(Cold Atom Gravimeter, CAG (Gillot et al., 2016)), Humboldt University of Berlin (Gravi-
metric Atom Interferometer, GAIN (Freier et al., 2016)) and by iXBlue, formerly Muquans
(Absolute Quantum Gravimeter, AQG (Menoret et al., 2018)) which is a commercial prod-
uct. No sensors are developed for space applications yet, but experiments for space have been
performed. Within the framework of the rocket experiment MAIUS-1, rocket interference
experiments of Bose-Einstein condensates in free-fall have been performed (Lachmann et al.,
2021). The Cold Atom Laboratory (CAL) has been installed on the International Space Sta-
tion in May 2018. This experiment uses laser-cooled atoms in a microgravity environment.
Bose-Einstein Condensate and Cold Atom Laboratory (BECCAL) is a future experiment
for the International Space Station (Frye et al., 2021). In addition, there are initiatives to
demonstrate a CAIl accelerometer on board of a satellite. The development of a quantum
path nder mission is planned within the study Cold Atom Rubidium Interferometer in Orbit

for Quantum Accelerometry (CARIOQA) (Leveque et al., 2022).

A better performance is expected for CAl sensors on board of a satellite compared to the one
of terrestrial sensors. A longer free fall time due to the microgravity environment induces a
higher sensitivity as it scales quadratically with the interrogation time. An advantage of an
CAl accelerometer is the at noise Power Spectral Density (PSD) for low frequencies with
very good repeatability, no hard moving parts and intrinsically accurate measurement thanks
to the stability of the atom transitions (Carraz et al., 2014). One of the di culties is the
low frequency sampling. Simulation studies on this concept are documented in Carraz et al.
(2014), Douch et al. (2018b), Trimeche et al. (2019), Abryko%)v_et al. (2019) and Muller
and Wu (2020). In Carraz et al. (2014) a sensitivity of 3 mE= Hz is estimated for CAI
gradiometer (LE=1 10 °s 2, named after Roland von Eetws). The sensitivity depends
on several factors and its estimation for this study is described in section 3.3.2.
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Combination of Electrostatic Accelerometer and Cold Atom Interferometry Ac-
celerometer

High performance is expected for a combination of an EA with a CAl accelerometer, since
the weaknesses of one sensor can be compensated by the strengths of the other. CAl has a
high long-term stability and calibration is not needed as the scale factor is very well known
owing to its absolute nature of measurements. Nevertheless, the low sampling rate is the
main drawback. In contrast, the EA has a continuous output and has a high sensitivity in
higher frequencies. Inaccuracies occur due to the bias drift and the imperfect determination
of the calibration parameters.

For a hybridization, the two accelerometers should be ideally at the same point of the satellite
body. This point would be the satellite center of mass for a GRACE-like mission. One option
to realize a hybrid system is to place a mirror for Raman transitions on the proof mass of
the EA (Carraz et al., 2014). The ground prototype, reported by Christophe et al. (2018),
has a rigidly xed mirror at the accelerometer housing. The control of the proof mass of the
EA could facilitate to deal with satellite rotation during the free fall time of the atom cloud.

A combination of an atom gravimeter with a mechanical accelerometer is also presented in
Lautier et al. (2014).

Aside from that, the measurements of the two sensors need to be combined with an algorithm.
For the real time processing a Kalman lIter is convenient. In Christophe et al. (2018) a
Kalman lter is used to estimate the bias of the classical accelerometer in each cycle:

b=Dh 1+ Gylaga; b 1 acas); (2.23)

wherel is the bias of EA in thei-th cycle, aga; IS measurement of the EA andica; IS the
measurement of the CAIl accelerometef;y, is the gain of the correction. The output of the
EA can contrarily be used to determine the CAI fringe index (Christophe et al., 2018). In
HosseiniArani et al. (2022) an extended Kalman lIter is studied to combine electrostatic and
CAIl measurements. The electrostatic acceleration measurements are used for the prediction
of the phase shift in order to solve the fringe ambiguity of the CAl measurements. The CAI
measurements are then used as actual observation for the EA bias estimation.

Another Iter option is to rst apply a high-pass Iter to the electrostatic measurements and

a low-pass lter to the CAl measurements and combine the ltered measurements afterwards
(Knabe et al., 2022).

2.3.3 Concepts for Orbit Design

When investigating new sensor technology concepts, it is important to quantify their impact
for NGGM orbit constellations. The two GRACE satellites are nearly in the same polar
orbit with a inter-satellite distance of about 200 km. The drawback of this con guration is

a poor sensitivity in east-west direction which leads to striping e ects in the north-south di-
rection. There are several concepts to improve the sampling and to reduce temporal aliasing.
These con guration concepts can be divided in single pair and double pair constellations.
A more isotropic error pattern is expected if observations also contain cross-track or radial
information on the gravity eld.

Concepts for single pair constellations are for example pendulum, Cartwheel or Helix forma-
tions (Elsaka et al., 2014). In the pendulum mission the longitude of the ascending node
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and the mean anomaly di ers for the two satellites. This leads to measurements in along-
track direction and in cross-track direction. The baseline of the two satellites is oriented at
the equator in cross-track direction and at the pole in along-track direction (Elsaka, 2010).
For this formation, the orbit and attitude control is very challenging due to the relative mo-
tion. In the Cartwheel constellation, the two satellites y in individual orbits and perform a
2:1 elliptical motion about their center of mass. In each orbit, measurements in along track
direction and in radial direction are performed (Elsaka, 2010). Using the Helix, along-track,
cross-track and radial information can be obtained. Cartwheel and Helix constellations have
even higher challenges for formation control.

Furthermore, several studies investigated two pair constellations leading to the best results
in the recovered gravity eld (Elsaka et al., 2014; Purkhauser et al., 2020). However, the
economic point of two satellite pairs being in orbit has to be considered. A promising two
pair concept is the Bender design (Bender et al., 2008). This constellation exists of one
inline pair in a polar orbit and another inline pair in an orbit with a lower inclination, e.g.
63 . The results of the Bender formation have a better temporal resolution and reduce the
aliasing errors, but it is economically much more challenging. From the technological point
of view it is feasible (Massotti et al., 2021).

MOBILE is another concept which is based on hl-SST (Pail et al., 2019). The observation
of the radial component leads to a more isotropic error pattern compared to the II-SST
in along-track direction. The constellation consists of two MEO satellites with an altitude
of 10000km and one LEO satellite with an altitude between 350km and 400km. The
laser-based ranging instrument is on board of the LEO satellite and the MEO satellites are
equipped with passive re ectors or transponders.

In Massotti et al. (2021) a joint concept called Mass change And Geosciences International
Constellation (MAGIC) of ESA and National Aeronautics and Space Administration (NASA)

for NGGM is evaluated. The recommended constellation for MAGIC is a Bender con gu-
ration. At the ESA Council in November 2022, the government ministers approved the
NGGM initiative MAGIC with the objective to contribute to the observation of water vol-

ume in oceans, ice sheets and glaciers for a better understanding of sea level changes and
the improvement of water management. In addition, NASA aims to realize a GRACE-FO
successor (Flechtner et al., 2022). It can be concluded that the realization of a Bender
con guration is realistic in the future with the GRACE-FO successor as polar pair and the
inclined pair MAGIC.
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3 Evaluation of Simulation Environment

This chapter introduces the simulation environment. The closed-loop simulation consists
of the generation of observations, the estimation of the gravity eld parameters and the
comparison of the estimated parameters with the true parameters (cf. section 3.1). First,
satellite dynamics are simulated which is brie y described in sections 3.1 and 3.2. Obser-
vations are generated based on these satellite dynamics and the reference gravity eld. In
the next step, noise time series of sensor performances, control system behavior and time-
variable background models are added. Models for these noise sources are explained in the
sections 3.3, 3.4 and 3.5. The estimation procedure of the gravity eld model parameters is
given in section 3.6.

3.1 Overview of the Simulation Environment

A closed-loop simulation is performed in order to evaluate the gravity eld solutions achieved
with di erent measurement concepts, sensors, actuators and orbit con gurations. First,
satellite dynamics are simulated with the software eXtended High Performance Satellite Dy-
namics Simulator (XHPS), which is developed by ZARM and Deutsches Zentrum far Luft-
und Raumfahrt (DLR) (Weske et al., 2016). The software runs in MATLAB/Simulink with
double precision. The system of di erential equations is solved by transforming it into a
system of ordinary di erential equations. In these simulations, the Runge-Kutta method is
used for the numerical integration. The dynamics are calculated with the integrator based
on the gravity eld and further external as well as internal forces and torques. In the simu-
lations, an Earth gravity eld model, an ocean tide model, a solid Earth tide model, a pole
tide model and models for the e ects from Sun and Moon are considered. Aside from that,
an attitude control system and non-gravitational accelerations are included.

The models for non-gravitational perturbations are explained in more detail in section 3.2,
because the modeling is important for the analysis of novel accelerometer concepts. Beyond
that, the control systems play a major role for the calculation of the satellite dynamics
and further analysis. In section 3.4.1 the modeling of a drag-free control system and in
section 3.4.2 the modeling of an attitude control system are explained. While models for
attitude control are available in the XHPS library, a model was created for the drag-free
system by the author of this thesis.

Noise time series for sensors and actuators are modeled using LISA Technology Package
Data Analysis (LTPDA) which is a MATLAB toolbox for accountable and reproducible
data analysis (Hewitson et al., 2009). It was developed for the data analysis of the LISA
Path nder mission.
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As di erent mission concepts are studied, the procedures for the recovery of the gravity eld
dier. In section 3.6.2, the recovery based on range accelerations and, in section 3.6.3, the
recovery based on gravity gradients are addressed. The simulation procedures for these two
cases are illustrated in Figure 3.1 and Figure 3.2, respectively. Noise-free observations are
calculated from the satellite position and velocity data, attitude data as well as the reference
gravity eld model. The latter is the high-resolution model Eigen-6c¢4 which is inferred from
combining Laser Geodynamics Satellite (LAGEOS), GRACE, GOCE and terrestrial data
(Ferste et al., 2014). In the next step, noise time series of di erent sources are added. SH
coe cients are estimated and evaluated with respect to the SH coe cients of the reference
gravity eld. The recovery parts are carried out on the computer cluster system of the Leib-
niz University of Hannover, Germany.

Figure 3.1: Simulation procedure for range accelerations

Figure 3.2: Simulation procedure for gradiometry
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3.2 Modeling of Non-gravitational Forces

The modeling of non-gravitational forces acting on the satellite is an important component.
The magnitude depends on the satellite orbit, especially on its altitude, as well as the shape
and mass of the satellite body and the environmental conditions. The accelerometer has
to be designed for the magnitude of the non-gravitational accelerations, i.e. the saturation
limit of the sensor must not be exceeded. The modeling of non-gravitational forces is funda-
mental for the drag compensation analysis in section 4.2 and the CAI accelerometer analysis
in section 4.3.

The non-gravitational forces are mainly caused by the atmospheric drag, the solar radiation
pressure, the Earth albedo, infrared radiation of the Earth and thermal radiation pressure
from the satellite itself. In the XHPS toolbox, models are available for these dissipative
forces. The magnitude of non-gravitational forces depends on the surface area and mass of
the satellite. Hence, it is necessary to model the satellite geometry. This is implemented by
a detailed nite element model of the satellite. A detailed description of the used models
is given in Weske et al. (2018) and Weske (2021). The atmospheric drag is the biggest
perturbation e ect for LEO satellites. The density model of the atmosphere is relevant for
the atmospheric drag calculation which strongly depends on the solar activity. The density
Is calculated using the JB2008 atmosphere model. In addition, the thermospheric winds are
computed based on the Horizontal Wind Model 1993 which are required for the calculation
of the relative velocity. The drag coe cient is considered as constant. The second largest
e ect is the solar radiation pressure for LEO satellites and is the result of the absorption or
re ection of photons from the Sun. It depends on the distance to the Sun, the Sun direction,
the geometry and optical properties of the satellite surface. The Earth albedo is the radia-
tion re ected by the Earth. Furthermore, there is thermal radiation of the Earth's surface
and atmosphere. The thermal radiation pressure is a secondary e ect which is caused by
the thermal heating of the satellite surface due to the radiation. In Figure 3.3 the non-
gravitational forces acting on the satellite for two di erent altitudes of 303 km and 462 km
are illustrated over the time period of one day. The mass of the satellite is 608kg. A
surface model of a GRACE satellite body is used.

(a) h =462km (b) h =303km

Figure 3.3: Non-gravitational forces of the di erent e ects acting on a GRACE-like shaped
satellite body; note the di erent scaling of the plots
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