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Abstract

Proof-of-principle demonstrations have been made for cold atom interferometer (CAI)
sensors. Using CAI-based accelerometers in the next generation of satellite gravimetry
missions can provide long-term stability and precise measurements of the non-gravitational
forces acting on the satellites. This would allow a better understanding of climate change
processes and geophysical phenomena which require long-term monitoring of mass vari-
ations with sufficient spatial and temporal resolution. The proposed accuracy and long-
term stability of CAI-based accelerometers appear promising, while there are some major
drawbacks in the long dead times and the comparatively small dynamic range of the sensors.
One interesting way to handle these limitations is to use a hybridization with a conventional
navigation sensor. This study discusses one possible solution to employ measurements of a
CAI accelerometer together with a conventional Inertial Measurement Unit (IMU) using a
Kalman filter framework.

A hybrid navigation solution of these two sensors for applications on ground has already
been demonstrated in simulations. Here, we adapt this method to a space-based GRACE-
like gravimetry mission. A simulation is performed, where the sensitivity of the CAI
accelerometer is estimated based on state-of-the-art ground sensors and further published
space scenarios. Our results show that the Kalman filter framework can be used to combine
the measurements of conventional inertial measurement units with the CAI accelerometers
measurements in a way to benefit from the high accuracy of the conventional IMU
measurements in higher frequencies together with the high stability of CAI measurements
in lower frequencies. We will discuss the challenges, potential solutions, and the possible
performance limits of the proposed hybrid accelerometry scenario.
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1 Introduction

The satellite gravimetry missions GRACE and GRACE-FO
have enabled the monitoring of the global time variable
gravity field. The results contributed to quantifying mass
changes related to climate change (Tapley et al. 2019) and
new insights into processes of the Earth’s interior (Man-
dea et al. 2020). The gravity field solutions are limited
in the very low degrees at C20 and, for times with only
one operational accelerometer on two satellites, even at
C30 (Loomis et al. 2020). These coefficients are typically
replaced with satellite laser ranging solutions. The spatial
resolution is limited at a few hundred kilometers for the
typical monthly gravity field solutions. For future missions
a resolution at the order of 100 km or below is needed to
address the requirements of the scientific community (Pail
et al. 2015). This would allow, amongst others, to monitor the
mass balance of smaller glaciers or contribute to the water
management as well as drought or flood predictions on a
regional scale.

The GRACE-FO mission added a laser ranging interfer-
ometer (LRI) as a major innovation compared to the K-
band ranging system (KBR) on the GRACE mission. Cur-
rently the LRI is a technical demonstrator for inter-satellite
ranging and GRACE-FO still employs KBR as the main
instrument. Future missions will probably rely on a LRI
system (see e.g. Haagmans et al. 2020) because the current
LRI performance already exceeds the mission requirements
of 80 nm/

p
Hz (Abich et al. 2019) and the GRACE KBR

noise of 1 µm/
p
Hz. The performance of the electrostatic

accelerometer (ACC) for GRACE-FO, however, has not
changed significantly from the GRACE mission (Christophe
et al. 2015).

Figure 1 shows the ACC and ranging system error models
of GRACE and GRACE-FO as amplitude spectral densi-
ties in range accelerations. The potential improvement of
the gravity field solutions is in the frequency range above
10�3 Hz. One of the main deficiencies of GRACE gravity
field solutions, the so called striping effect, is not improved in
GRACE-FO solutions. This effect, which manifests itself as
low frequency stripes in the spatial domain, is caused by the
predominantly North–South direction of the observations,
unmodelled temporal variations of atmosphere and ocean,
but also a drift of the ACC in frequencies below 10�3 Hz.
The stripes are typically reduced by signal processing, e.g.
a 300 km Gaussian filter, which, however, also affects the
gravity signal.

The development of electrostatic ACC for future missions
(e.g. Christophe et al. 2018) shows an improvement in
instrumental noise by more than one order of magnitude for
frequencies above 10�3 Hz while keeping an approximately
1=

p
f low frequency drift. Cold Atom Interferometry (CAI;

see Sect. 2) is one potential technology to overcome the
limitation of the electrostatic ACCs in lower frequencies.
Additionally, the CAI measurement enables the calibration of
the electrostatic accelerometer by a second bias and drift free
in-situ measurement of the non gravitational accelerations.
Currently, this type of calibration step uses modelled non-
gravitational accelerations (see e.g. Klinger and Mayer-Gürr
2016; Wöske et al. 2019).

The proposed accuracy and long-term stability of CAI-
based accelerometers appear promising, while there are some
major drawbacks in the long dead times and the compar-
atively small dynamic range of the sensor. One promising
way to handle the drawbacks of atom interferometry is to
use it in hybrid combination together with conventional
navigation sensors. The CAI measurement then has to be
combined with the electrostatic ACC, for which we present
a Kalman filter based approach (Sect. 3) to create a hybrid
one-axis accelerometer (Sect. 4) oriented in the along-track
direction.

2 Orbit and Accelerometer Modelling

2.1 Cold Atom Interferometer
Accelerometry

Cold Atom Interferometry utilises atoms as test masses in an
interferometer realised by a sequence of specific laser pulses.
A light pulse atom interferometer can be implemented in
different ways. See Abend et al. (2020) for an overview.
Only a brief introduction based on Kasevich and Chu (1991)
is given here. The atom interferometer consists of three
laser pulses acting as either beam splitter or mirror. The
frequencies of two parallel counter-propagating lasers beams
are chosen to be in resonance with a two-photon Raman
transition. The first light pulse creates a beam splitter, putting
about 50% of the atoms in a superposition of the initial
state with an excited state (having absorbed energy and
momentum of two photons). After a time interval T a second
light pulse initiates a transition of all atoms from excited back
to initial state or vice versa. After a second time interval
T a second beam splitter closes the interferometer. The
leading order atom interferometer phase �˚ is described
by

�˚ D .keff � a � ˛/T 2 C ˚L (1)

with the acceleration a acting on the atoms and the effective
optical wave vector of the laser light keff, which describes
the photon momentum exchange.1 The Raman laser phase
˚L is added to the last light pulse to operate the interfer-

1The momentum transferred is „keff where „ is the reduced Planck
constant.
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Fig. 1 Amplitude spectral
densities in range accelerations in
the along-track direction of
dominant noise sources for
GRACE(-FO) satellite missions
with electrostatic accelerometer
(ACC; Flury et al. 2008;
Christophe et al. 2015) and
microwave- or laser-ranging
system (KBR,LRI; Thomas 1999;
Abich et al. 2019). ACC
performance includes an estimate
for temperature dependent bias
variations in low frequencies
(Christophe et al. 2018)
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ometer, e.g., mid-fringe (cf. Sect. 3.2). The linear frequency
ramp ˛ is added to compensate for the acceleration of the
atoms. The acceleration in direction of keff is canceled out
if ˛ D jkeff � aj. This way, all measurements of a CAI
can be traced back to (laser) frequencies. More specifically,
�˚ measures the projection of the acceleration a along
keff, e.g. in terrestrial applications keff is aligned in parallel
to g to create a gravimeter. In a satellite setting, a are
the non-gravitational accelerations acting on the satellite.
Assuming the CAI is in the center of mass and keff is aligned
in the along-track direction, �˚ would be a measure of
the non-gravitational accelerations in the along-track direc-
tion.

According to Eq. (1) the sensitivity of the CAI can be
increased by either applying methods with a higher photon
momentum transfer (e.g. multiphoton Bragg diffraction) or
increasing the pulse separation time T . For terrestrial appli-
cations T is limited by the length of the free fall distance of
the atoms, e.g. up to 300ms for a transportable (Freier et al.
2016) and 1:2 s for a stationary instrument (Schilling et al.
2020). As atoms and satellites in space are in free fall, these
restrictions do not apply and longer times T are possible.
Limiting factors are, for example, the thermal expansion of
the atomic cloud.

The technical realisation of the CAI is of lesser impor-
tance at this stage. Considering the intended duration of a
single interferometer sequence, using Bose-Einstein Con-
densates might also be the preferred choice (Becker et al.
2018). In this study, individual measurements of the CAI-
ACC have a certain duration and its time series have certain
spectral properties while the measurements are also affected
by external effects like rotations.

2.2 In-Orbit Simulation of Electrostatic and
CAI Accelerometers

In this study we consider a GRACE-like satellite pair in
a circular polar orbit around the Earth with an altitude
of 480 km. The simulation is implemented in the MAT-
LAB/Simulink based eXtended High Performance satellite
dynamics Simulator (XHPS; Wöske et al. 2019) developed
by ZARM/DLR. XHPS calculates the orbits of a GRACE-FO
mission scenario under consideration of the Earth’s gravity
field ‘EGM2008’ (up to d/o 90), non-gravitational forces
(atmospheric drag, solar radiation pressure, Earth albedo
and thermal radiation pressure) and the GRACE satellite
geometry. To consider the effect of non-gravitational forces
on the spacecraft, we use a detailed surface model of the
satellite body included in XHPS.

The IMU measures the linear accelerations and angular
rates acting on the satellite. In this study, we consider a sim-
plified case, where we assume to have a perfect knowledge of
the angular velocities and therefore, only the measurements
of linear accelerations by an electrostatic accelerometer (E-
ACC) are considered as the measurements of conventional
IMU.

The E-ACC measures the sum of non-gravitational accel-
erations acting on the satellite in three orthogonal directions
(along-track, cross-track and radial). The sensor model of
an E-ACC, based on the GRACE ACC sensitive axis with a
noise level of 10�10 m/s2/

p
Hz in frequencies above 10�3 Hz,

is implemented in XHPS. The sampling rate of the E-ACC is
10Hz.

Later during this study, we also use a more accurate
model of E-ACC with a noise level of 10�11 m/s2/

p
Hz in
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frequencies above 10�3 Hz and test the performance of its
hybridization with the CAI-ACC model.

The functionality of the algorithm also depends on the
accelerometer noise in timescales of the CAI measurement
duration. Although better performing E-ACC have already
been flown in space (e.g. GOCE; Marque et al. 2010) or are
published as recent developments (Christophe et al. 2018),
the GRACE-FO type accelerometer was chosen to later com-
pare with GRACE-FO gravity field solutions. This scenario
is also a worst case scenario, i.e. if our method works
successfully for this accelerometer, an accelerometer with a
lower noise is not a priority to enable a hybrid accelerometer.
A conventional E-ACC usually has its best performance in
higher frequencies, while at lower frequencies the measure-
ments suffer from a large noise. The low frequency noise
shows its impact on the measured accelerations as a bias
(see Fig. 4). The accelerometer measurements therefore can
be written as:

AACC D B C S � Anon-grav: C N ; (2)

where B is the accelerometer bias, S is the accelerometer
scaling factor and N stands for the random noise. In this
study, we ignore the scaling factor and focus on the deter-
mination of the E-ACC bias.

For the CAI-ACC a white noise at the level of
10�10 m/s2/

p
Hz is assumed. The assumption is based on

the results of terrestrial applications (e.g. Freier et al. 2016)
and the fact that the CAI measurement is directly related to
the frequency stability of the laser system (see also Eq. (1)
and Abich et al. 2019; Sanjuan et al. 2021). As shown by
Abrykosov et al. (2019), a CAI-ACC with a higher noise
level will not improve the gravity field solution. Therefore, it
is also unlikely that a gravity field mission will be launched
with a CAI-ACC performing not at least at this level (Alonso
et al. 2022).

The signal of the CAI accelerometer is modelled based
on Eq. (1). However, because of the change of the non-
gravitational acceleration during the CAI interrogation time,
we integrate this equation by considering the sensitivity
function of CAI as described in Knabe et al. (2022).

For the noise modelling, we use a band-limited white
noise in the frequency range of 10�5 Hz to 10�1 Hz from
which we produce a noise time series. Then, we add this
noise to the acceleration signal and calculate the measured
phase of the cold atom interferometry accelerometer.

3 Extended Kalman Filter

The benefit of the hybridization of cold atom and electro-
static accelerometers for gravity field missions under cer-
tain circumstances has already been shown (e.g. Abrykosov

et al. 2019). These studies typically generate noise-only time
series for the two accelerometers and combine them, e.g.,
by filtering. The hybrid accelerometer noise, converted to
ranging accelerations, is then added to the ranging obser-
vations prior to gravity field recovery. Our method aims at
combining the (noisy) measurements of the two accelerom-
eters while simultaneously using the measurements of the
electrostatic accelerometer to solve phase ambiguities of
the cold atom interferometer. The method introduced here
can potentially be used in real time for data generated by
future hybrid sensors and has already been demonstrated
by experiment for application in inertial navigation (Weddig
et al. 2021).

The measurements of the CAI and the electrostatic ACC
have different sampling rates, e.g. 0:1Hz and 10Hz, which
have to be combined to create a hybrid accelerometer. In
this study, we adapt an extended Kalman filter (EKF) based
approach used for inertial navigation (Tennstedt and Schön
2021). This filter system uses the E-ACC data as input
to the dynamic model in order to predict the phase shift
and the expected observation of the atom interferometer,
effectively solving the fringe ambiguity. The CAI data is
then used as actual observation in return to estimate the
bias of the E-ACC. The equations are stated for a system
oriented in the along-track direction. This can be realized
by a single CAI sensor with its sensitive axis oriented
along the respective spatial axis of the body-frame of the
vehicle.

The functionality of the algorithm depends on the ampli-
tude of the input signal (non-gravitational accelerations)
as well as the change in a given time interval and these
are largest in the along-track direction for our scenario.
The amplitude and change of signal for the cross-track and
radial axis are smaller and require less accuracy from the
electrostatic accelerometer to solve the phase ambiguity of
a single measurement.

3.1 Dynamic System and Phase Prediction

The measurement of CAI and IMU is combined in the body-
frame (b-frame), which is aligned with the CAI sensor. In
order to predict the phase shift which is based on the position
of the atoms in the laser field during the interrogation pulses,
cf. Tennstedt and Schön (2021) and Antoine and Borde
(2003), the motion equations of the atoms in the body-frame
are utilized. The state vector reads

x D Œqb; vb; ba�T ; (3)

with vb as atom velocity and qb as atom position in the along-
track direction in the body-frame affected by the accelera-
tions and acceleration bias ba of the electrostatic IMU.
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The evolution of the kinematic state can be described
by the following system of ordinary differential equations
(ODE).

Pqb D vb; (4)

Pvb D f b C ba; (5)

Pba D 0; (6)

where f b are specific forces affecting the system, i.e. non-
gravitational accelerations. It is assumed that the platform
is stabilized and thus no Coriolis term due to the rotation
occurs.

For the prediction step of the filter, this system is numer-
ically solved by trapezoid integration. The predicted phase
shift of the interferometer is given by (Tennstedt and Schön
2021):

˚pred D keff

�

qb.Tf / � 2qb.
1

2
Tf /

�

; (7)

where the total filter step time Tf equals twice the interroga-
tion time Tf D 2T . The two atom positions at T and 2T are
gained from the numerical integration.

For the covariance propagation, the transition matrix Fk is
needed. The systems solution after discretisation yields:

xkC1 D Fkxk C Bkuk C wk: (8)

The homogeneous part of the solution is characterized by the
wanted transition matrix Fk :

Fk D

0

@
1 �t 0

0 1 �t

0 0 1

1

A ; (9)

where �t is the filter time constant.
The particular solution with the input matrix Bk D

Œ 1
2
�t2; �t; 1�T denotes any perturbations that affect the sys-

tem, here mainly resembled by accelerations uk D f b , as
well as another additive noise component wk to allow the
adaption of the filter.

The system noise Qk can be approximated:

Qk D
�
BkEŒukuT

k �BT
k C EŒwkwT

k �
�

�t: (10)

The formal variance EŒukuT
k � is used to include the E-ACC

data uncertainty.

3.2 CAI Observation Equation

The CAI observation equation is based on the transition
probability p that follows the sinusoidal fringe pattern:

p D A cos.˚L C ˚pred C ı˚/ C p0: (11)

The fringe amplitude A and zero offset p0 are regarded as
known constants over the time of the experiments. The laser
phase ˚L is assumed to be regulated by the controller so that
the sum of ˚L C ˚pred is always at the operating point �=2

(mid-fringe).
The error phase shift ı˚ is the part that results from

any errors of the accelerations measured by the conventional
IMU, here biases. It couples the observation equation with
the state parameters.

In order to enable a connection between this phase shift
and the system model, Eq. (5) is utilized again. This time
the equation is solved analytically under the assumption of a
time-constant system during the measuring interval, making
it easier to derive the matrix H.

Since the filter is only active during the measurement
cycle of the CAI, Tf essentially equals the filter time con-
stant �t that was introduced before.

The integrated acceleration bias leads to the following
velocity increment:

ıv D baTf : (12)

The equation for ı˚ is then

ı˚ D
1

4
keffbaT 2

f ; (13)

which is similar to the more familiar expression ı˚ D

keffaT 2 from the first section. All discussed values plugged
into Eq. (11) result in:

p D A cos

�
�

2
C

1

4
keffbaT 2

f

�

C p0: (14)

The final observation matrix H D @p

@x reads:

HT D

0

@
0

0

� 1
4
A � keffT

2
f

1

A : (15)
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Fig. 2 The difference between
the true CAI phase and the
determined phase based on the
E-ACC measurements in one day
of the mission

Note that the constant system assumption is only necessary
for the calculation of the measurement sensitivities in matrix
H. The calculation of the innovation follows the original non-
linear equations described before.

The observation uncertainty of the atom interferometer
measurement is expressed in R D �2

p .

4 Results and Discussion

4.1 Solving for the Phase Ambiguity

The CAI sensor has a phase ambiguity which has to be solved
for. Our approach here is to use the phase shift equivalent to
the acceleration measured by E-ACC to determine the target
part of the cosine interval. This only works if the bias and the
integrated noise of the IMU in the respective measurement
cycle is smaller than half of the cosine flank �=2.

In the case that the phase difference between the CAI
and the predicted phase is higher than �=2, but lower than
� , the filter will not be able to directly estimate the phase
ambiguity. However, it will likely converge to the right
direction and in the next iteration there is a good chance
that the phase difference is further reduced. Therefore, after
a few iterations, the CAI phase ambiguity will be estimated
correctly.

Monte Carlo simulations of in-flight CAI-ACC and E-
ACC are performed to study the phase differences and to
verify whether or not this approach can be used for the case
of satellite gravimetry. Those simulations show that in most
of the cases (>95%) the phase difference �IMU � �CAI

stays below the limit of � (see Fig. 2). The assumptions here
are the satellite altitude of 480 km, the CAI interferometer
duration of 10 s and assumed E-ACC noise as shown in
Fig. 1.

Our investigation shows that in the few cases where the
CAI and IMU phase difference temporarily go beyond the
� limit, the difference between the CAI and predicted phase
(IMU phase plus the estimated error model) is still below the
limit and the filter is able to recover the bias. Therefore, the
final estimation of bias and acceleration is not considerably
affected by it.

4.2 Hybridization of CAI-ACC with the
GRACE-FO E-ACC

For the first test scenario, we consider an electrostatic
accelerometer with the same performance as the GRACE-
FO accelerometer as discussed in Sect. 2.2. Figure 3 shows
the estimated bias as an output of the EKF compared
to the true E-ACC bias (non-gravitational signal minus
E-ACC measurements). Figure 4 compares the filtered
accelerations to the model of non-gravitational accelerations
and the measurements of the E-ACC. One can notice
the improvements that are achieved in the measured
accelerations by using a CAI accelerometer. The Kalman
filter also recognises the steep decline in non-gravitational
accelerations due to the entry of the satellite into the Earth’s
penumbra.

To truly compare the output of the filter to the original,
one must look at the noise in the frequency domain.
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Fig. 3 Blue: The difference
between non-gravitational
accelerations and the
measurements of E-ACC;
Magenta: Estimated ACC bias
using extended Kalman filtering

Fig. 4 Short segment of
non-gravitational accelerations
with measurements of E-ACC
(blue), estimated accelerations
using the Kalman filter (green)
and true non-gravitational
accelerations (black) as modelled
in XHPS; the steep decline is due
to the entry of the satellite into
the Earth’s penumbra
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Fig. 5 Hybridization of CAI-ACC with the GRACE-FO E-ACC; spectral representation of the solutions in terms of amplitude spectral density
for CAI-ACC (blue) and E-ACC measurements (red), and the Kalman filter (green)

Figure 5 shows the amplitude spectral densities of the
CAI and electrostatic accelerometer together with the filter
solution, with the modelled non-gravitational accelerations
removed. The filter output has gained the accuracy of
CAI-ACC measurements at lower frequencies as well as
benefiting from the accuracy of E-ACC at higher frequencies.

4.3 Hybridization of CAI-ACC with an
Improved E-ACC

In the second test scenario, we assume an E-ACC with
a noise level of 10�11 m/s2/

p
Hz in frequencies above

10�3 Hz and test the performance of its hybridization with
the CAI-ACC model. In this case, because of the higher
accuracy of E-ACC, the phase difference between the IMU
measurements and the CAI measurements are considerably
lower and in most of the cases (>98%) remain below
�=2 which then leads to a better estimation of the CAI
ambiguity.

Figure 6 compares the amplitude spectral densities of
the CAI, electrostatic accelerometer together with the filter
solution, with the modelled non-gravitational accelerations
removed. The filter output has reached the good accuracy
of E-ACC measurements at higher frequencies as well as
benefiting from the stability of CAI-ACC measurements at
lower frequencies. These results, suggest that the described
filter is perfectly able to be adopted to different electrostatic

and CAI accelerometer accuracies and find the optimal
solution in different scenarios.

However, to fully benefit from the instrumental improve-
ments of the quantum accelerometers as well as the LRI,
progress to reduce temporal aliasing is also necessary. This
is achieved by improved background modelling, e.g., the
next generation of AOD products, and deploying multiple
satellite pairs. The application of our method in such mission
scenarios is part of the ongoing work on this topic.

4.4 Discussion on the Impact of Rotational
Accelerations and Gravity Gradient on
theMeasurements

The effect of rotational accelerations and gravity gradients
are not considered in this study. However, here we discuss
certain properties which are relevant for CAI measurements.
The main rotation, which affects a CAI accelerometer in the
along-track direction of a satellite, is the rotation about the
cross-track axis due to the orbital frequency. The biggest
contribution of this rotation on the atom interferometer
phase shift comes from the Coriolis acceleration (Sagnac
effect) induced by the atomic velocity in the radial direction
(Lévèque et al. 2021).

In addition to the Coriolis acceleration, we have the
Euler acceleration and the centrifugal acceleration. However,
depending on position and orientation of CAI-ACC in the
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Fig. 6 Hybridization of CAI-ACC with an improved E-ACC; spectral representation of the solutions in terms of amplitude spectral density for
CAI-ACC (blue) and E-ACC measurements (red), and the Kalman filter (green)

satellite frame, the CAI-ACC might not see parts of these
effects. For example, if the CAI-ACC is placed on top of the
E-ACC on the z axis (nadir direction), the centrifugal accel-
eration would be perpendicular to the CAI-ACC sensitivity
axis in along-track direction and therefore, it would not be
seen by the instrument. In addition to the rotational accelera-
tions, higher order contributions couple these inertial forces,
in particular with gravity gradients. This additional phase
shift induces a bias on the measurement of the instrument
(Lévèque et al. 2021). The effect of rotational accelerations
during one CAI cycle is either physically compensated or
the CAI phase shift is calculated and corrected this way. The
latter method, however, does not restore the contrast loss due
to the Coriolis effect. Therefore, a technical solution would
be advantageous.

The impact of the main rotation due to the orbital fre-
quency, can be passively compensated by counter rotating the
Raman wave vector, e.g., by designing the laser beam path
of the atom interferometer accordingly (see e.g. Migliaccio
et al. 2019; Trimeche et al. 2019, for a nadir pointing gra-
diometer). For the remaining small residual rotation errors,
a high performance gyroscope can be used in order to
measure the rotation and mathematically cancel its contri-
bution on the output phase shift (Lévèque et al. 2021). The
residual rotation errors can also be compensated by active
tip-tilt actuation of the retro-reflection mirror (Lan et al.
2012; Migliaccio et al. 2019), preferably mounted directly to
the E-ACC housing. Alternatively, the design described by

Christophe et al. (2018) for a hybrid accelerometer uses the
electrostatic accelerometer proof mass as reference mirror in
the Raman interferometer, effectively linking both measure-
ments.

When the E-ACC test mass is in the center of mass of
the satellite, the atomic test mass cannot be in the center of
mass at the same time. The initial position of the atoms will
have an offset with respect to the center of mass after the
cooling step of the atom interferometer sequence resulting
in a gravity gradient and a gravitational pull of the satellites
mass on the atoms. Based on this initial position, which
is identical for each atom interferometer sequence, and the
mass distribution of the satellite a systematic bias can be
calculated and corrected in the atom interferometer phase.
The impact of rotational accelerations and positioning of
CAI-ACC and E-ACC inside the satellite will be considered
in an upcoming study.

Goswami et al. (2021) have shown that the GRACE-FO
attitude and orbit control system is capable of controlling
the satellites attitude within ˙100 µrad, which is the mission
requirement for the pointing accuracy of the LRI (Abich
et al. 2019). The beam steering mechanism of the LRI
has demonstrated a pointing error below 10 µrad in the lab
(Schütze et al. 2014). Investigations of LRI data estimate
the noise of the beam steering to be below 2 µrad/

p
Hz. The

combination of the LRI differential wavefront sensing and
beam steering with the star camera and IMU is proposed to
increase the overall accuracy of the attitude determination
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and therefore, it can be used to further reduce the effect of the
satellite rotation on the phase shift (Goswami et al. 2021).

5 Conclusions

Satellite gravity missions successfully map the Earth’s grav-
ity field and its change over time. Accelerometers deter-
mine the non-gravitational accelerations acting on the satel-
lite. One limiting factor in the gravimetry missions is the
accelerometer performance especially in lower frequencies.
Using CAI-based accelerometers in the next generation of
satellite gravimetry missions can provide long-term stability
and precise measurements of the non-gravitational forces
acting on the satellites. This would allow a better monitoring
of several geophysical phenomena.

We study the hybridization of CAI and electrostatic
accelerometers by applying an extended Kalman filter to
the measurements. In this approach the classic IMU resolves
the high-frequency non-gravitational accelerations while the
precision of the calculated hybrid solution benefits from
the superior long-term CAI accuracy. Our results show
that the EKF can be used to combine the measurements
of conventional inertial measurement units with the CAI
accelerometers measurements in a way to benefit from both
measurements.

For the next generation of satellite gravimetry missions,
using a lower altitude and also CAI accelerometers with
longer interrogation times will be beneficial. We will study
those cases in the future. One major challenge would be that
with longer interrogation time, the sensitivity of CAI would
be higher and as a result, the dynamical range of the CAI
sensor would be smaller. Therefore, one might not be able to
determine the CAI ambiguity directly with the measurements
of the E-ACC. Drag compensation which would decrease the
amplitude of the input accelerations closer to the dynamical
range of the CAI-ACC could be a solution here.

In the future, we will also study more complex cases
where the impact of rotational rates and gravity gradients
are also considered on the CAI measurements and we will
compare the achievable accuracy of the recovery of the
gravity field with the data from current gravimetry missions.
We will also run a number of simulations where we use
hybrid accelerometers with different configurations and on
different satellite constellations, e.g. on low-altitude drag-
free satellites. We will then compare the results to find the
optimal scenarios for using hybrid accelerometers in future
satellite gravimetry.
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