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Abstract

The success of GRACE-FO and its predecessors has demonstrated the benefits of satellite gravimetry
for monitoring mass variations on the Earth’s surface and its interior. However, the demand for increas-
ingly higher spatial and temporal resolution of gravity field solutions has brought into focus the need for
next-generation gravimetry missions (NGGMs). Therefore, we investigate the hybridization of electro-
static accelerometers (E-ACC) with cold atom interferometers (CAI), which can reduce the instrumental
error contribution of the E-ACC, e.g. by enabling in-flight estimation of E-ACC bias parameters, and
reduce systematic effects in gravity field solutions by proving drift free measurements. However, these
sensors introduce more stringent requirements on the computation of environmental disturbances in lower
Earth orbits, as the alignment of the CAI’s reference mirror has to be controlled precisely. Therefore,
the movement of the CAI’s reference mirror inside the satellite is analyzed using the Hybrid Simulation
Platform for Space Systems (HPS) developed by DLR and ZARM (University of Bremen). Misalignments
and vibrations of the reference mirror cause an additional CAI phase shift, which introduces measurement
inaccuracies. Our work examines the translational displacement, rotational misalignment and angular ve-
locity of the reference mirror, due to forces transferred by the coupling link between mirror and satellite.
This helps to compare different hybridization concepts and to improve noise and signal models for CAI

accelerometers.
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1. Introduction

Satellite gravimetry missions like the Gravity Recov-
ery And Climate Experiment and its Follow-On mis-
sion [GRACE and GRACE-FO; |1} |2| provided major
insights into climate change driven processes on the
Earth and in the oceans |3} |4]. The main improve-
ment from GRACE to its successor mission GRACE-
FO is the introduction of a inter satellite laser ran-
ging interferometer as a demonstrator [LRI; 5] in ad-
dition to the microwave ranging system, which is still
the main instrument. The ranging instrument meas-
ures the change of the distance between the two satel-
lites of the pair. The distance between the satellites
changes due to the gravity field of the Earth and non-
gravitational accelerations, e.g. solar radiation pres-
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sure, atmospheric drag, Earth albedo, acting on the
satellite. In future satellite gravimetry missions, con-
cepts like the LRI will very likely be the main instru-
ment of the mission. The main contributor to the
instrumental error budget of a GRACE-FO type mis-
sion is now the electrostatic accelerometer (E-ACC)
which measures the non-gravitational forces [see e. g.
6]. These measurements are used to remove the effect
of non-gravitational accelerations on the inter satellite
distance from the ranging observations. Therefore,
accelerometer performance has a direct impact on the
recovered gravity field. The current generation of E-
ACC are characterized by a drift below 10~3 Hz which
contributes to the characteristic “striping effect” seen
in GRACE(-FO) monthly solutions. Other contrib-
utors to this effect are the observation geometry and
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temporal aliasing due to unmodeled changes of atmo-
sphere and ocean [7]. In order to meet the needs of
the scientific user community of gravity field products
[8] the performance of the accelerometer needs to be
improved in lower frequencies.

Cold atom interferometer (CAI) based accelero-
meters offer a lower drift or possibly drift-free per-
formance over a broader bandwidth compared to E-
ACC. Numerous studies have shown the benefit to
gravity field solutions of combining a CAI- and E-
ACC or employing a CAI gradiometer on a satellite
gravimetry mission These studies might also include a
preliminary design for the CAI instrument [9} 10| but
often introduce the CAI instrument as noise based on
the assumption of white noise with a certain amp-
litude in the signal synthesis step of a simulation [see
e.g. |11} 12]. In addition to this, methods to combine
the CAI and E-ACC into a hybrid accelerometer are
investigated [13]. Our study builds upon the work
to model the dynamics of an E-ACC test mass in a
satellite environment [14] to simulate a hybrid CAI-
/E-ACC on a satellite under consideration of external
forces acting on the satellite and thus on the instru-
ment.

We model the test mass behavior on a GRACE
like satellite, which also acts as reference mirror in
a hybrid accelerometer. This includes the variation
of position of the test mass within the accelerometer
and the acceleration experienced by the test mass, as
well as the rotation of the test mass with respect to
the satellite and the angular velocity and acceleration
of the test mass (section [3). We investigate the ef-
fect of a rotating test mass acting as reference mirror
and a fixed reference mirror, independent of test mass
movements, on the atom interferometer measurement
and the necessary control with respect to test mass
movement and rotation to be able to benefit from the
hybridization (section [4]).

2. Cold Atom Interferometry

A cold atom interferometer uses atoms as test masses
to measure inertial forces and rotations [15]. On a
satellite, an atom interferometer can be used to meas-
ure the non-gravitational accelerations, e.g. atmo-
spheric drag, solar radiation pressure, Earth albedo,
acting on the satellite. The principle of two photon
Raman transitions described by Kasevich and Chu
[16] is most commonly applied in, e. g., terrestrial ap-
plications like gravimeters and simulation studies on
accelerometry in space. However, there are a wide
range of different principles using cold atoms. The
creation of Bose-Einstein condensates in space has
also been demonstrated [17], which is a candidate for
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future quantum sensors on a satellite.

A single measurement of the CAI can be divided
into three phases: 1) preparation of atoms, 2) free fall
and interferometer sequence, 3) detection of atomic
states. During the preparation phase the atoms, e. g.
Rubidium ®"Rb, are cooled down to a few pK and are
selected to be in one specific state. The atoms interact
with three pulses of counter-propagating laser beams
(Raman beams) spaced in a time interval T' during the
free fall and interferometry phase. The first pulse has
a probability of 50 % of an interaction of two photons
with one atom, thereby raising the atom into an ex-
cited state, putting the atoms in a superposition of
initial and excited state. This pulse acts as a beam
splitter in the atom interferometer. The second pulse
switches the states of all atoms from the excited state
back to the initial state or vice versa and is called a
mirror pulse. The third pulse is also a beam split-
ter closing the interferometer. During each interac-
tion between two photons and an atom, the energy
and momentum of the absorbed/emitted photons is
gained/lost by the atoms. The population of the two
atomic states is measured in the detection step of the
CAI measurement. The atom interferometer phase
shift A® can be calculated from the detected popu-
lation of a state P,

P.=-(1—-cosAd).

N

A® depends on the acceleration @ the atoms experi-
ence during free fall and the effective laser wave vector
ket

A® ~ kepp-a- T (1)

keps is defined as the difference of the two laser
wave vectors El’g of the counter-propagating beams:
Eeff = El — EQ. As EQ ~ —El and considering the re-
duced Planck constant A the momentum transferred
is approximately 2hk, [15].

The lasers typically enter the vacuum chamber
through a single optical telescope and one of the lasers
is reflected by the inertial reference, a retro-reflecting
mirror, to be in resonance with the desired atomic
transition. The method to model the behavior of this
inertial reference will be described in section 3l In
our study the lasers are aligned with the along track
direction and more details on this will be given in sec-
tion @ The measurement of the CAI is therefore the
projection of @ on Ee tf, which is the acceleration a in
the along track direction. Assuming a perfect orient-
ation of the CAI in the along track direction, Eq.
is simplified to A® = kesp-a- T2

The parameters in Eq. to adjust the sensitiv-
ity (or increase the phase shift A®) are the chosen

20f



73rd International Astronautical Congress (IAC), Paris, France, 18-22 September 2022.
Copyright 2022 by DLR (German Aerospace Center). Published by the IAF, with permission and released to the IAF to publish in all
forms.

method of momentum transfer (changing ke 7r) and
the time interval T. In terrestrial applications, T is
limited by the size of the free fall distance to a few
100 ms for mobile and about 1s in stationary atom in-
terferometers. Applications in space can potentially
extend T to several seconds. The limiting factors are,
for example, the thermal expansion of the atom cloud
or the rotation of the satellite.

The latter results in the rotation of the lasers with
respect to the inertial frame during a single interfero-
meter sequence, so the direction of Ee ¢¢ is different for
the three laser pulses. The compensation for this is
achieved by counter rotating the Raman beam vector
[18]. The largest rotation for an along track CAI is
around the cross track axis with ~ 1.1 mrads™! (see

also Fig. .
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Fig. 1: Angular velocity of the satellite in satellite body
frame with Xgqt, Ysat and Zgq: axis (top to bottom).

The gradiometer design given by Migliaccio et
al. [10] employs multiple mirrors mounted at spe-
cific angles, resulting in three (inertial) parallel laser
pulses for a fixed interval T'. This design compensates
the largest contribution and active tilting of mirrors
can be added for small residual rotations. Zahzam
et al. |19] describe the use of the E-ACC as refer-
ence mirror of the CAI and rotating the E-ACC test
mass at specific rates to counter the satellite’s rota-
tion. The topic of rotations will be discussed further
in section [3] and @] The impact of changes of a dur-
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ing one interferometer sequence is discussed in Knabe
et al. [20]. Additionally, the CAI measures a phase
shift in the interval 0 — 27, resulting in an ambiguity
problem, if the change of acceleration a within two
successive measurements, translated in atom interfer-
ometer phase shift, is larger than 27. Ideally, the
change should be below 7/2 as it can also not be dis-
tinguished between the rising and falling slope of the
atom interferometer fringe [for details on our solution
see [13].

3. Test Mass Modeling

The first application of the test mass dynamics mod-
eling is a CAI sensor concept, where the laser beams
are reflected directly by the surface of the test mass.
Translational and rotational movement of the test
mass are not specifically controlled to improve CAI
performance, but are allowed to occur based on satel-
lite - test mass coupling to investigate the effect on
the CAI measurement.

3.1 Simulation Scenario

This study uses several frames, which are depicted in
Fig. The Earth centered inertial (ECI) frame is
used for the satellite orbit integration. The satellite
body frame with Xg,; in the along track, Ys,; in the
cross track and Zg,; in the radial direction is identical
to the GRACE-FO Satellite Frame [21]. The accel-
erometer frame is rotated with respect to the body
frame, so the Zscc axis points in the along track
and X scc in the cross track direction.

Inside the satellite

Test Mass

ZECI

Y,
Xsat sat

CoM Sat Vac

ECI: Earth Centered Inertial
CoM: Center of Mass

Acc: Accelerometer

TM: Test Mass

XECI

Fig. 2: Overview of frames used in this work.

The origin of the satellite frame is in the center
of mass (CoM) of the satellite [21]. Under ideal cir-
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cumstances, the test mass CoM coincides with the
satellite CoM. However, it is possible to apply an off-
set to the origin of the accelerometer frame, to study
the effect of small deviations from the CoM.

We simulate an E-ACC on a GRACE-FO type
satellite in the Hybrid Simulation Platform for Space
Systems [22]. The accelerometer’s parameters are
taken from |21] to closely resemble the GRACE-FO
mission. The initial conditions of the orbit simula-
tion are taken from GRACE-FO data products of
01.02.2020 0:00.

The simulation scenario includes several non-
gravitational forces, which act on the satellite. Solar
radiation, albedo, Earth infrared and thermal radi-
ation pressure are modeled using a finite element
model of the satellite to determine illumination and
shadowing conditions with respect to the satellite’s
attitude. Absorption and emission coefficients char-
acterize each surface of the satellite, with values taken
from [21]. The simulation incorporates the atmo-
spheric density model JB2008 developed by Bowman
et al. [23] and uses a constant drag coefficient of 2.4
[24]. To model the test mass, it is assumed that the
test mass is properly shielded from direct environ-
mental effects acting on the satellite, only gravita-
tional forces, control forces and coupling forces from
the satellite act on the test mass. The coupling forces
describe the connection between test mass and satel-
lite. They are centering the test mass inside the satel-
lite and keep it from escaping. A mass-spring-damper
model describes the link between test mass and satel-
lite. This link thus transfers the non-gravitational
forces to the test mass. By adjusting the spring and
damping coefficient matrices, the individual behavior
of the link is set.

In principle, the test mass equations of motion
can be derived in the accelerometer frame as well as
in the inertial frame. However, if implementing the
equations of motion for the test mass in the inertial
frame numerically, difficulties may arise if high accur-
acy for the small displacements between satellite and
test mass has to be achieved. Therefore, the test mass
is described in the accelerometer frame [see Fig. [2/and
14]. The test mass states consist of the angular velo-
city, attitude quaternions, position and velocity. To
derive the states, the acceleration of the test mass has
to be determined, which can be split in a translational
and rotational part.

The translational acceleration @¢¢_ acting on
test masses in the accelerometer frame is given by

~>ACC SACC

~ACC ~ACC
a + acoup + Arot -

Qirans — gg

2)

: ot ZACC e FACC
It consists of gravitational a{;"~ and coupling a<,,,

acceleration, which are the main contributors to

IAC-22,B1,IP,7,x68955

the translational acceleration. Furthermore, there is
translational movement of the test mass due to the
rotation of the satellite @4$“. However, as the satel-
lite’s attitude is controlled, the resulting acceleration
is small.

Acceleration due to Satellite Test Mass
Coupling: A mass-spring-damper model is applied
to calculate the link forces and torques between test
masses and satellite. The coupling acceleration for

the test mass is computed as follows:

— —

ch,trcms - Es - Fd

Mim

SACC
a’coup -

The coupling force consists of the spring F, and
damping ﬁd forces as well as a control force F‘dc’tmns.
The link can be characterized via stiffness and damp-
ing matrices, spring offsets, constant link forces and
torques.

Gravitational Acceleration: The calculation of
the gravitational acceleration applies the expansion of
spherical field to avoid differences of large numbers.
The algorithm is based on an expansion of the spher-
ical gravitational field [14]. The calculation depends
on the satellite position sz and the test mass dis-
placement from satellite CoM in inertial frame z*.

Acceleration due to Satellite Rotation: The
acceleration @45 acts on the test masses due to the
satellite’s rotation (cf. Eq. (2)). It is divided into a
Coriolis term # coriolis, @ centrifugal term z centrifug

and an Euler term f’newtan. Thus, the total amount

of @4, is given by

~ACC A - =

Aot = =2 Zcoriolis — T centrifug — Lnewton-
The total amount of angular acceleration &4¢¢

can be computed applying the formula,

SACC

N

tot ’

with the moment of inertia matrix I‘?W(ic and the
total torque TACC. It consists of the coupling torque
between test mass and satellite, as well as the Euler
term

TAC’C TACC _ fACC

tot = coup euler

The Euler term TACC

Luler 18 computed with

T’ACC

-ACC
euler Wi X

- i, tm

ACC _~ACC
(I tm Wi tm )
The computation of the coupling torques is done
in the same way as for the coupling forces. The sum
of all torques yield

~ACC - - -
T = Tdc,rot - Ts - Td~

coup

For the CAI analysis, the test mass angular velo-
city and acceleration have to be transformed from the
accelerometer frame to the ECI frame.
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3.2 Simulation Results

Figure [3] shows the measurement and model of non-
gravitational accelerations in the satellite frame. The
test mass acceleration includes not only the non-
gravitational acceleration but also the influence of the
coupling link, with its characteristics. The test mass
is placed at the center of mass of the satellite. The
GRACE-FO ACTI1B data product [25] is compared
to the test mass acceleration simulated in HPS. The
satellite simulation does not include any correction
burns, thus peaks in the satellite’s Ys,¢ do not appear
in the simulation. Jumps in the simulated accelera-
tion data, indicating penumbra transitions into and
out of the Earth’s shadow, are due to solar radiation
pressure and clearly coincide with the measurement
data. Especially, the data for Xg,; closely follows
the measurement data. Thus, the selection of stiff-
ness and damping coefficients chosen for the test mass
connection result in reasonable outcomes. Therefore,
the following calculations for the translational move-
ment of the test mass are conducted with same link
characteristics.

——ACT1B
~, 20 ——TMACC
0 ]
S .20/

4

hours

nm/s?
o

hours

nm/s?

hours

Fig. 3: Accelerometer measurement (ACT1B) and test
mass acceleration (TM ACC) for the Xgqt, Ysar and Zsas
axis (top to bottom) with mean removed.

The angular velocity is given in the Earth centered
inertial (ECI) frame. As the test mass is not rigidly
connected to the satellite, it has its own degrees of
freedom. Therefore, it can move inside the satellite,
which means that the test mass’ angular velocity de-
viates from the satellite’s angular velocity. By setting
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the rotational link connections between test mass and
satellite, the motion is adjusted. Figure [] shows the
difference between the angular velocity of the satel-
lite and test mass, which results from the slightly dif-
ferent acceleration of the test mass compared to the
satellite, due to the coupling forces. Relative to the
satellite, the test mass is rotating with a few dozen
nrads~!. The influence of a rotating mirror on the
measurement of the phase shift is investigated further

in section [l
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Fig. 4. Difference between angular velocity of test mass
and satellite in ECI frame with the Xgcr, Yecr and Zgcor
axis (top to bottom).

Due to mass fluctuations of the satellite or for con-
structional reasons, a certain amount of offset from
the accelerometer origin to the satellite CoM has to
be accounted for. Therefore, the accelerometer frame
of the test mass is moved 0.15mm in Zg,; away from
the center of mass of the satellite. The translational
link between test mass and satellite is set to let the
test mass move freely in the range of a few micromet-
ers. Figure [p| shows the test mass position inside the
satellite depicted in the accelerometer frame.
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Fig. 5: Position of test mass in the accelerometer frame
with the Xacc, Yace and Zace axis (top to bottom).

4. CAI Modeling

Details on the modeling of the hybrid accelerometer
by combining a CAI- and E-ACC are given in |13|. In
this study, we assume a CAI with a white noise beha-
vior at a level of 10719 m/s?/v/Hz. Previous studies
[e.g. |12] have shown no benefit for the gravity field
recovery by introducing a CAI-ACC with a lower per-
formance in a hybrid ACC. The white noise assump-
tion, at least at this level of performance, is based on
currently available terrestrial instruments and long
term measurements [e. g. 26]. Possible low frequency
drifts, comparable to the behavior of E-ACC, would
depend to a great extent on the frequency stability
of the laser system. Laser frequency stabilization is
also of high interest for future iterations of the LRI
system on next generation gravity field missions [27],
so a CAI also benefits from current lessons learned of
the GRACE-FO mission [5} 28].

In the following, we focus on the implementation
of rotational components of the reference mirror/test
mass of the E-ACC. The attitude and orbit control
system of GRACE-FO is able to control the atti-
tude of the satellite to within £100 prad [29], which is
the technical requirement for operating the LRI. Fur-
ther improvements in attitude determination can be
achieved by combining differential wavefront sensing
and attitude measurements from the fast steering mir-
ror of the LRI with conventional sensors (star camera
and IMU). The accuracy with which the angular ac-
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celeration of the test mass in accelerometers currently
under development can be determined is estimated to
be +2.2 x 107 1%rads~2 [30]. Here, we want to es-
timate the effect of test mass/reference mirror rota-
tion on the CAI-ACC and assume perfect knowledge
of satellite and test mass rotations to model this ef-
fect. The inclusion of these error estimates is ongoing
work and not discussed here in detail. The mirror of
CAI accelerometer acts as a reference for its meas-
urements. When it is connected to the test mass, the
translational displacement of the test mass, as shown
in Fig[f] would cause an atomic phase shift in the CAI
accelerometer. This can be calculated by considering
the linear acceleration of the test mass (see Fig. [3)),
as the input acceleration of the CAI accelerometer.
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Fig. 6: Black: True values of the phase shift; Red: CAI
measurements of the phase shift.
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Fig. 7: Error on the measurement of the CAI phase shift
because of the translational displacements of the reference
mirror; Black: reference mirror is connected rigidly to the
satellite body frame; Red: Reference mirror is the test
mass.
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Figure [6] compares the true values of the CAI
phase shift (equivalent to the true non-gravitational
forces acting on the satellite) with the measurements
of the phase shift based on the displacements of the
reference mirror (test mass).

Figure[7]shows the phase shift error because of the
translational displacements and vibrations of the ref-
erence mirror. It compares two scenarios: In the first
scenario, the reference mirror is connected rigidly to
the satellite body frame and in the second one, the
reference mirror is the test mass. One can notice that
there is no meaningful difference in the noise level
between the two scenarios. The angular misalignment
of the reference mirror is not considered here.

Apart from this phase shift, there is an additional
phase shift which comes from the angular velocity of
the reference mirror. When the reference mirror is
connected to the test mass, the angular velocity of
the test mass (see Fig. |4)), would cause an additional
atomic phase shift in the CAI accelerometer. This
can be modeled by considering the linear acceleration
of the test mass, as the input acceleration of the CAI
accelerometer. This additional phase shift can be cal-
culated adapting the non-vector solution of Eq. (I)):

AP =kepp R-wry® T2 +2 kepp-wra- V- T? (3)

Where wr)s is the angular velocity of the test mass,
R is the distance of the reference mirror to the cen-
ter of mass and Vp is the transverse velocity of the
atomic cloud (perpendicular to the CAI sensitivity
axis). The first term of Eq. is the phase shift due
to the centrifugal accelerations and the second term is
the phase shift due to the Coriolis acceleration. The
assumption here is that the angular velocity of the
mirror is constant during the interrogation time. For
more realistic simulations, we consider Eq. in an
integral form.

The main contribution of the rotation on the atom
interferometer phase shift comes from the Sagnac ef-
fect induced by the transverse velocity of the atomic
cloud. Because of the lack of knowledge on the trans-
verse velocity of the atoms and also because of the
contrast loss of the atom interferometer, it would not
be easy to mathematically compensate for the Coriolis
effect. Therefore, physical approaches are needed to
overcome this effect. One possible approach explained
by Migliaccio et al. [10] is the static compensation for
spacecraft rotation in order to cancel Coriolis accel-
eration. In this approach, mirrors are aligned to form
an angle Q. - T between the Raman wave vectors at
successive pulses [see Fig. 1-B in 10].
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Fig. 8: Black: True values of the phase shift (phase shift
equivalent of the true non-gravitational accelerations);
Red: CAI measurements of the phase shift based on both
the translational displacement and angular velocity of the
test mass. No rotation compensation is assumed; Blue:
CAI measurements of the phase shift based on both the
translational displacement and angular velocity of the test
mass using a counter-rotation of the Raman wave-vector.

Figure [§] compares the true values of the CAI
phase shift with the measurements of the CAI phase
shift based on the translational displacement and an-
gular velocity of the reference mirror (test mass) in
two different scenarios: In the first scenario, we as-
sume to have measurements with no physical ap-
proach for the compensation of the test mass angular
velocity. In the second scenario, we apply a physical
rotation compensation approach by assuming a tip-
tilt mirror on the test mass. One can notice that the
measurements without a physical rotation compensa-
tion, suffer from a large bias on the measurements.
However, when the counter-rotation of the Raman
wave vector is considered, the biases on the meas-
urements disappear and the measurement accuracy
improves. In the latest case, the total measurement
error is only slightly (~ 10% to 20%) higher than
the case where we purely considered the translational
acceleration of the test mass without including the
impact of rotation (Fig. [7).

The measurements of the CAI and the conven-
tional IMUs have different sampling rates, e.g. 0.1 Hz
and 10 Hz, which have to be combined to create a
hybrid accelerometer. In this study, we use an ex-
tended Kalman filter (EKF) approach [31] for the hy-
bridization of the measurements. This filter uses the
measurements of the conventional IMU as input to
the dynamic model in order to predict the phase shift
of the atom interferometer and it solves for the fringe
ambiguity. The CAI measurements is then used as
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actual observation in return to estimate the bias of
the IMU bias.
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Fig. 9: Recovery of the IMU bias using the measurements
of the CAI accelerometer.

Figure[9]shows the recovery of the bias of the IMU
in a satellite with hybrid accelerometer, in which the
CAI reference mirror is connected to the IMU test
mass. The assumption here is a perfect compensa-
tion of the rotational rates of the test mass. The
more realistic case where we consider the full rota-
tion effect in different scenarios will be a subject of
future studies.

5. Conclusions

A GRACE-FO like satellite mission was simulated us-
ing the Hybrid Simulation Platform for Space Sys-
tems. Several non-gravitational forces were con-
sidered including solar radiation pressure, aerody-
namic drag, Earth infrared pressure, albedo re-
radiation and thermal pressure. Furthermore, a
separate test mass, acting as a reference mirror of
a cold atom interferometer, was simulated inside
the satellite. A mass-spring-damper system was
utilized to model the connection between reference
mirror and satellite. Through the coupling link,
non-gravitational acceleration is transferred to the
test mass. Real acceleration measurement data of
GRACE-FO was used to check if the link spring and
damping coefficients yield reasonable results. With
the simulated acceleration data, the reference mirror
position was calculated. Lastly, angular acceleration
and velocity of the reference mirror were determined,
showing that due to the coupling link, the reference
mirror posses a angular velocity relative to the satel-
lite.

We analyzed the accuracy of the measurements
due to the movements, vibrations, misalignment and

IAC-22,B1,IP,7,x68955

angular velocity of the test mass. Firstly, we showed
that the translational acceleration of the test mass
would not have a negative impact on the CAI meas-
urements and the results would be very similar to
the case where the CAI reference mirror is rigidly at-
tached to the satellite body frame. We also showed
that the angular velocity of the test mass hugely re-
duces the accuracy of CAI accelerometer, if no rota-
tion compensation method is used. Therefore, we in-
tegrated a counter-rotating Raman wave vector across
the interferometric sequence, which largely mitigated
the Coriolis and centrifugal terms leading to an in-
creased accuracy. We finally showed the possibility
of having a hybrid accelerometer by using the test
mass of a conventional accelerometer as the reference
mirror of the CAI accelerometer and by combing the
measurements using an Extended Kalman Filtering
approach.

Going forward, controlling the reference mirror to
compensate for the rotation with respect to the iner-
tial frame, shows potential to reduce the phase shift
error. Thus, developing a control system to steer
the reference mirror and compensate for excess an-
gular velocity will be attempted in the next test mass
model.
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