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Abstract: Long-term observation of Earth’s temporal gravity field with enhanced temporal and
spatial resolution is a major objective for future satellite gravity missions. Improving the performance
of the accelerometers present in such missions is one of the main paths to explore. In this context,
we propose to study an original concept of a hybrid accelerometer associating a state-of-the-art
electrostatic accelerometer (EA) and a promising quantum sensor based on cold atom interferometry.
To assess the performance potential of such an instrument, numerical simulations were performed
to determine its impact in terms of gravity field retrieval. Taking advantage of the long-term
stability of the cold atom interferometer (CAI), it is shown that the reduced drift of the hybrid
sensor could lead to improved gravity field retrieval. Nevertheless, this gain vanishes once temporal
variations of the gravity field and related aliasing effects are taken into account. Improved de-aliasing
models or some specific satellite constellations are then required to maximize the impact of the
accelerometer performance gain. To evaluate the achievable acceleration performance in-orbit, a
numerical simulator of the hybrid accelerometer was developed and preliminary results are given.
The instrument simulator was in part validated by reproducing the performance achieved with a
hybrid lab prototype operating on the ground. The problem of satellite rotation impact on the CAI was
also investigated both with instrument performance simulations and experimental demonstrations.
It is shown that the proposed configuration, where the EA’s proof-mass acts as the reference mirror
for the CAI, seems a promising approach to allow the mitigation of satellite rotation. To evaluate the
feasibility of such an instrument for space applications, a preliminary design is elaborated along with
a preliminary error, mass, volume, and electrical power consumption budget.

Keywords: cold atom interferometer; electrostatic accelerometer; hybrid accelerometer; gravity
mission; quantum space gravity; satellite geodesy

1. Introduction
1.1. General Context of Space Gravity Missions and Emergence of Cold Atom Interferometry

Sustained observations from dedicated satellite gravity missions (e.g., GOCE, GRACE,
and GRACE-FO) are key to monitoring the Earth system’s dynamic processes related to
mass transport and in understanding their coupling mechanisms. Satellite gravimetry is a
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unique technique that enables the detection of sub-surface storage variations of groundwa-
ter or sub-glacial water mass exchanges, which are generally difficult to access from other
remote sensing techniques. It also contributes to the quantification of all relevant processes
of the global water cycle, allowing directly estimating their contribution to sea level rise.
Future satellite gravity missions are expected to provide enhanced sustained observations
with increased spatio-temporal resolution, higher accuracies, and new products that could
directly be incorporated into operational services such as early warning of hydrological
extremes and monitoring of geo-hazards. Moreover, the enhanced measurements shall
contribute to the improvement of essential climate variables (ECV) with unprecedented
quality for ground water, as well as unique measurements for climate applications, Earth
energy balance closure, sea level change, mass balance of ice sheets and glaciers, heat and
mass transport, etc.

The largest error contributor of state-of-the-art missions that monitor the time-variable
gravity field (e.g., GRACE and GRACE-FO) is the effect of temporal aliasing. This issue
arises, on the one hand, from the poor observation geometry conditioned by the satellite
pair’s near-polar orbit, i.e., the east–west behavior of the gravity signal and its variations
are known with a reduced accuracy. On the other hand, due to the limited temporal
resolution, neighboring ground tracks may feature highly different signal content, which
then manifests as typical north–south stripes in the gravity solution, as temporal variations
are misinterpreted as spatial ones. The ESA/NASA MAGIC mission concept [1] is a well-
designed satellite constellation that aims to tackle this limitation. Moreover, accelerometers
used so far in gravity missions exhibit relative high noise at low frequency and are the
next-largest error contributor after the aliasing effects. Quantum spaceborne gravimetry
(QSG) measurement techniques hold the promise of substantially improving on current
technologies since they can provide absolute measurements with impressive performance
in terms of long-term stability. The key innovative technique, the cold-atom-interferometry-
based quantum sensor, should exploit their full potential in space by the ability to achieve
long interrogation times. This could fill the technological gap and help to increase the
spatial and temporal resolution of mass transport products.

Several space projects involving the operation of cold atom sensors have emerged over
the past thirty years mostly for fundamental physics exploration [2–5] such as for testing
the weak equivalence principle [6,7], detecting gravitational waves [8,9] or dark matter [10],
but also for studying their potential in the context of satellite geodesy [8,11–15]. The first
accomplishments of cold atom experiments in space occurred recently in 2017–2018 with
the in-orbit operation of a cold atomic clock (CACES) on-board China’s Tiangong-2 space
laboratory [16] and the first realizations of a Bose–Einstein condensate (BEC) in space, on a
sounding rocket with the MAIUS-1 project [17] and on the ISS with the CAL project [18].
Nevertheless, up to now, no demonstration of inertial measurements with a cold atom
interferometer (CAI) has been yet carried out in space.

1.2. Cold Atom Interferometry

This new generation of instruments, relying on the manipulation of matter waves
through atom interferometry [19], appears currently as one of the most promising candi-
dates for highly precise and accurate inertial measurements [20]. Cold atom interferometers
have indeed proven on the ground to be very high-performance sensors with the develop-
ment in recent decades of cold atom gravimeters [21–25], gravity gradiometers [26,27], and
gyroscopes [28,29]. In addition to the undeniable contribution they could bring for practical
applications such as inertial navigation [30,31], they also appear very promising for explor-
ing fundamental physics such as for the determination of the fine-structure constant [32,33],
the gravitational constant [34,35], and for testing Einstein’s theory of general relativity
with quantum objects [36]. In that field, atom interferometers seem notably promising
for detecting gravitational waves [37] and testing the weak equivalence principle [38,39].
This technology has demonstrated impressive results in the laboratory environment and is
beginning also to prove its interest for on-board applications with the recent demonstra-
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tions of gravity field mapping during shipborne [40] and airborne [41] campaigns with
a cold atom gravimeter. Progressively, proposals for using cold atom interferometers in
space have emerged targeting at the beginning more particularly fundamental physics
applications [6,37], but recently opened up to Earth observation objectives [8,11,13–15,42].
Space offers indeed a micro-gravity environment that should allow in principle increasing
the interrogation time and, thus, the scale factor of the atom interferometer compared to
ground-based atomic instruments, where the size of the instrument limits the duration of
atoms’ free-fall and, thus, the sensitivity of the instrument.

In the rest of the document, the study deals with an atom interferometer dedicated
only to acceleration measurements, which is the objective of the proposed space instrument.
In a cold atom accelerometer, the test mass is a gas of cold atoms obtained by laser cooling
and trapping techniques [43]. This cloud of cold atoms is released from a trap, evolving in
free-fall in a vacuum chamber, and its acceleration is measured by an atom interferometry
technique. Typically, a Mach–Zehnder-type interferometer is realized, consisting of a
sequence of three equally spaced laser pulses, which drive transitions between two atomic
stable states. During each light pulse, the atoms interact with the laser beam and have a
probability to absorb a photon out of the laser beam. In this way, the recoil of a photon
can be transferred to the atom. This absorption probability can be adjusted by controlling
the duration and intensity of the light pulses such that the atomic wave can be either
equally split, deflected, or re-combined so as to form an atom interferometer. At the end
of the interferometer, the proportion P of atoms in one of the two stable states depends
sinusoidally on the phase ∆Φ of the interferometer (see Figure 1), which is proportional
to the acceleration ~a of the atoms, assumed constant here, along the laser direction of
propagation defined by its wave vector~keff. The expression of the output signal is given at
first order by:

P = P0 −
C
2

cos(∆Φ) (1)

with ∆Φ ≈ ~keff ·~a T2. (2)

Here, T is the time between the three laser pulses constituting the Mach–Zehnder
interferometer, P0 is the fringe offset, and C is the fringe contrast. The output signal P of
the atomic sensor, corresponding to the probability for the atom to be in one of the two
output ports of the interferometer, could be measured typically thanks to fluorescence
or absorption imaging techniques. Note that the above-mentioned acceleration~a is more
rigorously the differential acceleration of the atoms relative to a mirror acting as a reference
in the instrument. This acceleration value is similar to what is measured by an inertial
accelerometer.
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Figure 1. Output signal P of a cold atom accelerometer. One measurement Pi corresponds to several
possible acceleration values an

i , a∗ni . This ambiguity can be resolved thanks to hybridization with a
classical accelerometer. Here, P0 = 0.5 and C = 1.
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In the case where the acceleration to be measured is not subjected to large acceleration
variations, i.e., ∆a� π

2keffT2 , it is possible thanks to a specific technique [44] to identify the
fringe index corresponding to the measurement and to retrieve unambiguously the true
acceleration value. Otherwise, for large shot-to-shot acceleration variations (∆a > π

2keffT2 ),
the true acceleration value can no longer be recovered. This ambiguity concerning the
acceleration determination reduces consequently the shot-to-shot measurement range
of cold atom sensors. In regard to this limitation, it is typical to associate a classical
accelerometer or seismometer with the cold atom instrument [40,41,45–48]. This classical
accelerometer allows the identification of the fringe index corresponding to the atomic
acceleration measurement (see Figure 1). Moreover, the interferometer phase duration (2T)
being smaller than the cycling time (Tc), mainly due to the loading time of the cold atomic
cloud (cooling and trapping phase) and to the detection period, the atomic instrument
presents measurement dead times (see Figure 2) leading to potential errors [49,50]. The
atom interferometer is thus sensitive to acceleration only during the interferometer phase.
Note that the measurement rate is typically a few Hz for this kind of instrument on the
ground. The interferometer temporal acceleration response function fa(t) [48,51] follows a
triangle shape (see Figure 2) and highlights that the CAI, for each cycle, gives an average of
the acceleration between the first and third pulse with a peak sensitivity during the second
laser pulse.

Figure 2. Typical atom interferometer sequence. After cooling and trapping the atoms, the interfer-
ometer is realized with a total duration time 2T. The phase at the output of the interferometer is
measured during the subsequent detection phase. The measurement is given with a cycling time Tc.
The atomic instrument is only sensitive to acceleration during the interferometer period.

In a first approximation, this acceleration response function fa(t) is related to the
output interferometer phase ∆Φ as follows [48,51]:

∆Φ = ~keff ·
∫

fa(t)~a(t)dt (3)

with fa(t) ≈ (t + T) ·Θ(t + T)− 2t ·Θ(t) + (t− T) ·Θ(t− T) (4)

where Θ(t) is the Heaviside function:{
Θ(t) = 0 for t < 0
Θ(t) = 1 for t ≥ 0

This acceleration response function corresponds, in the frequency domain, to a low-
pass filter transfer function of a 1/2T cut-off frequency [51].
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1.3. Electrostatic Accelerometer

The present space electrostatic accelerometers [52,53], used for geodesy missions, are
based on the electrostatic suspension of an inertial proof-mass (PM), which is controlled to
remain motionless at the center of a cage by applying adequate voltages on the internal
walls of the cage. The electrostatic forces applied on the PM compensate its relative
acceleration with respect to the cage. The control voltages are therefore representative of
the PM acceleration. As a standalone instrument, when placed at the spacecraft center of
gravity, the voltages provide the measurement of the non-gravitational acceleration. This
concept of an electrostatic servo-controlled accelerometer (see Figure 3a) is well suited for
space applications since it relies on electrostatic forces that give the possibility to generate
very weak, but accurate accelerations. The capacitive sensing offers also a high position
resolution with negligible back-action. The accelerometer proof-mass is fully suspended
with six servo-control loops acting along its six degrees of freedom, suppressing mechanical
contact to the benefit of the resolution and leading to a six-axis accelerometer with three
linear accelerations along X, Y, Z and three angular accelerations around ϕ, Θ, ψ (see
Figure 3b).

a) b)

Proof-
Mass

Capacitive
Position
Sensor

Control
Law

Drive
Voltage
Amplifier

Figure 3. (a) Principle of the servo-control loop for one accelerometer’s axis. (b) Configuration of the
electrodes around the proof-mass for the six-degree-of-freedom control.

Such electrostatic accelerometers based on this concept have already flown on various
space geodesy missions such as CHAMP, GRACE, or GOCE [52] and are even present
in-orbit on GRACE-FO satellites. They were also used for fundamental physics in the
MICROSCOPE mission to test the Einstein equivalence principle [54]. We summarize in
Table 1 the main characteristics of the on-board electrostatic accelerometers for each of
these space missions. We can see that the EAs used for each mission do not have the same
characteristics and performance depending on the mission objectives. The specification
on the amplitude spectral density (ASD) of EA noise for the three different space missions
CHAMP, GRACE-FO, and GOCE is represented in Figure 4. This figure highlights the
potential to improve significantly the EA noise depending on the mission objectives, but
it comes at the expense of a reduced measurement range (see Table 1). We see in any
case in the low-frequency part of the spectrum an increase of noise that is mainly due to
environment temperature stability, which impacts the EA signal. In the worst case, this
increase could scale as f−3. Ultimately, the noise increase would be limited by the gold wire
damping attached to the proof-mass, which would set a f−1/2 slope on the low-frequency
part of the accelerometer noise. On the high-frequency part, the EA noise is mainly limited
by the capacitive detector noise.
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Table 1. Main characteristics of the last flying space EAs in CHAMP, GOCE, and GRACE-FO and the
foreseen EAs for NGGM, the future ESA mission. For CHAMP, the mass and power consumption
do not take into account the interface and control unit (ICU). USA and LSA stand, respectively, for
ultra-sensitive axis and less-sensitive axis. For instance, in GRACE-FO, the USAs are the along-track
and radial axes and the LSA is the cross-track axis.

EA Space Missions

Characteristics CHAMP GOCE GRACE-FO NGGM

PM mass (g) 72 320 72 507
GAP USA (µm) 75 299 175 300
GAP LSA (µm) 60 32 60 300

Meas. range USA [m·s−2] ±10−4 ±6× 10−6 ±7× 10−5 ±10−5

Meas. range LSA [m·s−2] ±10−4 ±5× 10−4 ±6× 10−4 ±10−5

Noise floor USA [m·s−2· Hz−1/2] 2× 10−9 2× 10−12 10−10 3× 10−12

Noise floor LSA [m·s−2·Hz−1/2] 2× 10−9 2× 10−10 10−9 3× 10−12

Total Mass [kg] (w. elec.) 10 (w/o ICU) 9 11 15
Total Elec. Cons. [W] 2 (w/o ICU) 9 11 15

Total Volume [L] 13 (w/o ICU) 11 14 16

Figure 4. Noise performance specifications on the ultra-sensitive axis (USA) of the EAs used in
CHAMP, GRACE-FO, GOCE, and foreseen for NGGM.

1.4. Hybrid Atomic–Electrostatic Accelerometer Concept

Both atomic and electrostatic technologies have their own drawbacks and advantages
in terms of performance. Typically, electrostatic accelerometers offer in space state-of-the-
art sensitivity, a bandwidth of typically 1 Hz (<10 Hz), a measurement range of 106 relative
to the achievable sensitivity, and continuous measurements. They suffer nevertheless
from bias instabilities mainly due to temperature dependencies, which degrade the long-
term stability of the measurement. In cold atom interferometers, the measurement is
based on a very well-known and controlled scale factor, determined at first order only by
the inter-pulse timing T and the interferometer laser wavelength and relies on the well-
defined energy separation between two atomic states. Atomic interferometers are therefore
potentially excellent in terms of accuracy and stability. They suffer nevertheless from a low
measurement rate (1/Tc), errors due to dead time measurements (Tc − 2T), and a relative
low measurement range (shot-to-shot acceleration variations should stay smaller than
≈ π

2ke f f T2 , corresponding to an interfringe variation for the atom interferometer; see Figure 1).

Hybridizing an atom accelerometer and an electrostatic accelerometer should offer the
possibility to take advantage of both technologies and mitigate their respective weaknesses.
The atom interferometer could be used to correct the drift of the EA, and simultaneously,
the EA could be used to fill the measurement dead times of the atomic sensor. If necessary,
the EA could help to determine the fringe index of the interferometer instrument. Such a
hybridization scheme is reminiscent of methods already implemented for ground cold atom
gravimeters where the atomic sensor is coupled to a classical accelerometer or seismometer
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to compensate for the same lack of atomic instruments [40,45–48]. Note that the previously
demonstrated hybrid instruments on Earth never involved electrostatic instruments similar
to the one operating in space since this technology is not in principle adapted to ground
operations, the electrostatic forces to compensate for the gravity acceleration being too large.
One original aspect of the proposed atomic–electrostatic hybridization is the ability to create
a close link between both accelerometers. This link is materialized by the interferometer
laser beam of the atomic instrument that could be retro-reflected directly on the electrostatic
accelerometer proof-mass. In this configuration, the EA proof-mass becomes the reference
for the atomic measurement. The output signal from the atomic sensor gives the differential
acceleration between the free-falling atomic cloud and the EA proof-mass. It offers the
possibility to rotate dynamically the CAI reference mirror during the measurement in-
orbit and to compensate for the detrimental impact of satellite rotation on the atomic
signal [13,55–58]. This method of operation is currently at a very exploratory stage to
assess its potential for space applications. One has for instance to guarantee that, during
rotation of the proof-mass, the EA is still measuring the three-axis accelerations with the
same performance. As will be shown further on in the article, the use of the proof-mass
as the reference mirror for the CAI and the need to rotate this mirror to counteract the
satellite rotation lead to a degradation of the EA noise along one axis corresponding to
the radial direction. A more conservative approach to atomic–electrostatic hybridization
would be to operate two independent accelerometers whose output signals are merged
through an adequate hybridization algorithm. In that case, the atom interferometer would
dispose of its own mirror mounted on a piezo-driven tip-tilt stage [55,58–60] to rotate the
mirror and compensate the satellite rotation impact mainly due to the Coriolis effect. In
this configuration, the EA performance could be similar for the three axes and its design
simplified since there is no need to accommodate an optical access for the CAI laser. In this
article, we only consider the more exploratory concept where the EA proof-mass is used as
the atom interferometer mirror.

1.5. Satellite Mission Scenario

To figure out more concretely what could bring such a kind of hybrid atomic–electrostatic
instrument, we consider one particular scenario that has been clearly identified for a future
space geodesy mission. This scenario is based on a low–low satellite-to-satellite tracking
(SST-LL) configuration [61,62]. SST-LL missions involve the measurement of the differences in
satellite orbital perturbations over baselines of a few hundred kilometers. These measurements
are typically implemented with two satellites on the same orbit in the Earth’s gravity field,
one satellite tracking the other. The gravity field is recovered by determining the inter-
satellite distance variation produced exclusively by the geopotential. The distance variation
between the two satellites is measured either by a microwave link, adopted on GRACE and
GRACE-FO, or by laser interferometry, which has been also adopted on GRACE-FO as a
technology demonstrator [63] and is the foreseen method for the NGGM mission since it
should allow higher resolution than a microwave link. The contribution of non-gravitational
effects, produced for example by atmospheric drag, are separately measured by accelerometers
on each satellite and accounted for in data processing. We thus consider a payload allowing
retrieving the gravity field that is mainly composed of a ranging system and accelerometers.

1.6. Overview of the Study

In this article, first we present the numerical simulations conducted to investigate
the impact of this hybrid accelerometer for gravity field retrieval [42]. These simulations
were carried out in the context of GRACE-type and Bender-type missions where different
level of noise specifications of the cold atom accelerometer were considered. In this study,
the hybrid accelerometer takes advantage of the long-term stability of the CAI, which is
assumed to benefit from a white acceleration noise. The impact of the improved scale factor
from which the hybrid instrument benefits is also investigated.
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In a second step, we report some experimental demonstrations of atomic–electrostatic
hybridization that have been conducted on the ground, in a lab, with a dedicated electro-
static accelerometer, whose proof-mass plays the role of the reference mirror for a cold atom
gravimeter. The possibility to compensate satellite rotation by controlling the electrostatic
PM was also investigated experimentally and is here briefly reported.

Then, we present the numerical modeling of the hybrid accelerometer that was vali-
dated by the previously described experimental demonstrations. This simulator would be of
great importance to extrapolate the performance of such a hybrid instrument in the context
of space missions for which prior ground performance validations are hardly achievable.

Finally, a preliminary design of a space hybrid instrument is also presented along with
the first estimations of the achievable performances, taking into account the detrimental
effect of satellite rotation on the atom instrument signal.

2. Materials and Methods
2.1. Numerical Gravity Performance Simulations

Gravity performance simulations were performed aiming to assess the added value
of such a hybrid accelerometer for future geodesy missions. Some additional details
concerning the performed simulations can be found in [42]. In brief, a series of simulations
was conducted on IAPG’s closed-loop reduced-scale simulation software, described in [64],
to study the hybrid accelerometer’s impact on the performance of gravity field retrieval.
Due to several simplifications implemented in these reduced-scale simulations as a trade-off
for improved computation time, their results were validated by a comparison to IAPG’s
full-scale simulation tool [65], where all relevant aspects of a real gravity field mission
simulation and the subsequent gravity retrieval can be taken into account. The reduced-
scale results exhibit a highly consistent behavior with the full-scale ones [42]. Although the
total amplitude of the residuals differ slightly between full- and reduced-scale simulations,
the relative behavior among the solutions is very similar and proves the validity of the
reduced-scale simulation results. All the results that are presented in the following derive
from reduced-scale simulations in the case of a GRACE-type and a Bender-type satellite
flight formation. The GRACE-type constellation consists of a pair of identical satellites,
which follow each other on a near-polar orbit, while Bender features an additional GRACE-
type satellite pair on an inclined orbit (see Figure 5).

Figure 5. Illustration of a GRACE-type (left) and a Bender-type (right) flight formation. This figure
is extracted from [66].

Here, both the orbit altitudes and the initial mean anomalies (respectively mean
anomaly differences of the satellites within one pair) were chosen to closely match the
corresponding average values of the actual GRACE, respectively GRACE-FO, missions
(450–500 km orbit altitude, 200 km inter-satellite distance). The retrieval period was set
to a total of 30 days, enabling one full repeat cycle of the polar pair and nearly three full
repeat cycles of the inclined one. For the instrument noise, only the two most dominant
contributors to the error budget were taken into account, which were, on the one hand,
the accelerometer and, on the other hand, the inter-satellite ranging instrument. For the
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latter, the performance specifications of the laser raging interferometer (LRI) implemented
on GRACE-FO were assumed [67]. For the hybrid accelerometer, a number of possible
performance scenarios were predefined, based on the CAI’s overall noise floor (4 cases; cf.
Table 2), the EA’s noise increase in the low observation frequencies (stemming primarily
from thermal fluctuations), and the extent of the EA’s designated measurement bandwidth
defined by the corner frequency at which the temperature-dependent effects in the low
frequencies become the major error source. The model specifications are presented in
Table 2, and a selection is visualized in Figure 6, where, in this case, the EA was assumed to
present a 1/ f 3 noise slope at a low frequency and a corner frequency of 1 mHz. For the
CAI, we assumed different noise levels ranging from Case 1, corresponding to achieved
on-ground sensitivities with state-of-the-art cold atom gravimeters [23,24,44], to Case 4,
corresponding roughly to performance foreseen in future challenging space projects with
cold atom inertial sensors [6,13].

Table 2. Accelerometer parameters for simulations.

Parameter Value Unit

CAI Noise level

Case 1 4×10−8

m· s−2·Hz−1/2Case 2 1 × 10−9

Case 3 1 × 10−10

Case 4 1 × 10−11

EA corner frequency
0.3

mHz1
3

EA low-frequency
noise slope

1/ f
-1/ f 2

1/ f 3

a) b) c)

Figure 6. ASD of the EA/CAI hybridization scenario and a regular EA assuming a 1/ f 3 noise
slope and corner frequencies (cf) of 0.3 mHz (a), 1 mHz (b), and 3 mHz (c). The dotted line depicts
the spectrum common to the respective hybridization scenario and the stand-alone EA. Vertical
dashed grey lines represent the maximal contributing observation frequency to spherical harmonic
coefficients of the given degree. The thick dashed grey line represents the laser ranging interferometer
noise in terms of range accelerations.

Note that, in the following, the results assume a hybridization in just one axis that
can be considered as aligned along the line-of-sight between the two satellites, pointing
from one satellite’s center of mass to the other’s [42]. A selection of simulation results
is presented based on specific parameters to show the impact of hybridization in gravity
retrieval. In the first group of simulation results we disregard temporal gravity signals
and, thus, temporal aliasing errors and only take into account instrument errors of the
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accelerometers and the LRI. Afterwards, temporal gravity is included to compare the error
contribution related to temporal aliasing with the instrument errors.

2.2. Experimental Demonstrations

Experimental activities were conducted to explore with the help of a cold atom
gravimeter and a ground electrostatic accelerometer prototype the concept of space ac-
celeration measurements with a hybrid instrument. The main objectives were here more
particularly to perform some preliminary experimental demonstrations of hybridization
and to address experimentally the satellite rotation issue, which would induce a complete
loss of contrast of the atomic signal.

Hybrid Lab Prototype

To perform the experimental tests of hybridization, a cold atom gravimeter, described
in detail in [68], was used. For the electrostatic technology, a dedicated ground prototype
was assembled by reusing parts of previously developed space accelerometers. The EA
was mounted just below the atomic gravimeter, replacing the Raman mirror in a standard
configuration (see Figure 7). Both instruments were mounted on a passive vibration
isolation system (see Figure 8), allowing tests to be performed in high- or low-vibration
conditions (10−6 m·s−2 < σvib < 10−2 m·s−2, where σvib is the standard deviation related to
ground vibrations).

In all the experiments having demonstrated the coupling of an atomic sensor with
a classic one, the Raman mirror, acting as the reference for the atomic measurement, was
fixed rigidly to the classic accelerometer housing, reducing the separation between the two
measuring points. Here, the association of the atom accelerometer with the electrostatic
sensor allows using the proof-mass of the latter as the Raman reference mirror. To our
knowledge, no experiment has reported hybridization by directly linking the atoms and
the proof-mass through the Raman laser.

As can be seen in Figure 8, the whole setup was put on an excitation platform actuated
by three piezoelectric actuators, allowing vertical translation and rotation around the two
horizontal axes.

Figure 7. Scheme of the hybrid lab prototype comprising a cold atom gravimeter and an electrostatic
accelerometer. In this configuration, the proof-mass of the EA acts as the retro-reflecting Raman
mirror, the reference mirror for the CAI measurement.
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a) b)

Figure 8. Representation of the experimental setup ((a) side view and (b) top view) used to study
rotation impact on the CAI and to demonstrate rotation compensation through EA proof-mass
actuation. The dimensions are not to scale. The distance between PZT A–PZT B and PZT B–PZT C is
56 cm.

Cold Atom Gravimeter

The cold atom gravimeter used for the hybridization tests is described in detail in [68].
In brief, the cold atoms are produced in a vacuum chamber based on a glass cell located
inside a magnetic shield consisting of four layers of mu-metal. The sensor head containing
the vacuum chamber, the magnetic shield, the magnetic coils, and the optics for shaping the
laser beams and collecting the fluorescence has a height of 40 cm and a diameter of 33 cm.
The maximum allowed interaction time T is 46 ms, and the cycling time is Tc = 250 ms.
The Raman pulse duration is typically 3.5 µs for a π/2 transition. The achieved contrast is
typically C = 0.39. In standard conditions, the achieved sensitivity is 8× 10−7 m·s−2/Hz1/2

and is limited by the residual vibration noise on the vibration isolation platform.

Ground Electrostatic Accelerometer

The atom interferometer is only used in one direction, along the gravity, corresponding
to the X axis in the EA frame (see Figure 3). The EA proof-mass is used as the Raman
mirror along the vertical axis. On the ground, along this direction, the performance of the
EA is strongly degraded compared to a typical space EA due to the high voltage necessary
to levitate the proof-mass under gravity. The servo-control parameters were adapted to
this original configuration to ensure a smooth capture of the proof-mass at switch on and
the stability of its levitation with sufficient margins once it is at the center of the cage.
The accelerometer cage comprises six pairs of electrodes (see Figure 3), which are used by
both capacitive sensors (for proof-mass position and attitude detection) and electrostatic
forces and torques. Electrode pairs, defined by two capacitor plates located in the core, are
arranged around the proof-mass in such a way that the 6 degrees of freedom are controllable.
Secondary entries for all position axes were accommodated in the servo-control loops to
allow for control of the proof-mass position by an external signal. Using the proof-mass of
the EA for retro-reflecting the Raman laser offers an original means to control the Raman
mirror of the CAI.

Rotation Issues for the CAI

Characterization of the CAI contrast behavior is of great importance since it impacts
directly the sensitivity of the accelerometer. Several effects can impact the contrast of
the interferometer, and we can classify these effects into two categories, those that make
imperfect the Raman beamsplitters/mirrors and those that impact the atomic phase and
that it position- and/or velocity-dependent. For this second category of effects, we can
understand their impact on the contrast as phenomena that render less efficient the spa-
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tial/momentum overlap of the two wave packets related to the two interferometer arms at
the output of the interferometer. Another vision is to consider that these phenomena impact
differently each atom, according to their position or velocity, conducting an averaged signal,
which is the contribution of dephased sine functions with a global contrast lower than
the one of the individual atom signal. These two visions lead to the same evaluation of
the contrast. Note that in our experimental setup, the detection scheme does not allow us
to discriminate position-/velocity-dependent phases [69]. The main issue of this kind of
instrument in orbit that impacts the interferometer contrast is the satellite rotation, and we
report here some experimental demonstrations dealing with this problem.

The hybrid prototype, composed of the cold atom gravimeter and the electrostatic
accelerometer (see Figure 7), is mounted on a passive isolation platform (PIP), which is
placed on a homemade excitation table driven by three linear piezoelectric actuators (PZT
A, B, C). For rotation experiments, the isolation platform is blocked so that its top plate
stays fixed relative to the bottom. Consequently, no ground vibration isolation is provided.
The dynamic excitation is made through actuation of only PZT B, generating a rotation
around the Z axis. A two-axis gyroscope is used to measure the generated rotation Ωz and
unwanted residual rotation Ωy. Parasitic linear accelerations can also be measured thanks
to 3 classical linear accelerometers.

To generate the rotation of the whole setup, the PZT is driven with a sine function to
reduce parasitic excitations coming from numerous resonances of the mechanical structure.
The same kind of excitation signals are provided to the secondary entries of the EA to
control the EA’s proof-mass for rotation compensation or for studying the impact of mirror
rotation on the CAI contrast. These types of sine excitations are also useful for the proof-
mass control to ensure a smooth and accurate control. The phase φexc, frequency νexc, and
amplitude θ0

exc of the excitation are controllable. Since the PZT excitation is a sine function,
the hybrid instrument is submitted to angle variations θ(t), angular velocities Ω(t), and
angular accelerations Ω̇(t) with the respective amplitude θ0

exc, Ω0
exc = θ0

exc · (2πνexc), and
Ω̇0

exc = θ0
exc · (2πνexc)

2.
The resulting acceleration coming from rotation can be written as:

~arot(t) = −~Ω(t)×
[
~Ω(t)×~rat(t)

]
− 2~Ω(t)×~vat(t)− ~̇Ω(t)×~rat(t) (5)

where~rat(t) and ~vat(t) are, respectively, the time-dependent position, respectively velocity,
of the considered atom relative to the reference mirror frame. The first term corresponds to
the centrifugal acceleration, the second one to the Coriolis acceleration, and the third one
to the angular acceleration term.

To evaluate the impact of rotation on the CAI output, the interferometer phase has
to be calculated by combining Equations (1), (3) and (5). This resulting output would
correspond to the contribution of only one atom. To take into account all the detected
atoms, this one-atom probability has to be averaged over the position/velocity distribution
of the detected atomic cloud. In our calculations, we assumed Gaussian distributions. For
the sake of simplicity and to give a first idea of the rotation impact on the CAI contrast, we
give in the following a simplified expression of the atomic contrast considering constant, on
the timescale of the interferometer phase, the angular velocity and the angular acceleration.
The rotation was considered around the Z axis (cf. Figure 8), corresponding to a Ψ rotation
for the EA proof-mass (cf. Figure 3), and the acceleration measurement along the X axis.
This leads to:

C = C0 · exp
[
−2 · k2

e f f T4 ·
(

σ2
y · Ω̇2

z + σ2
x ·Ω4

z + 4 · σ2
vy ·Ω

2
z

)]
(6)

where C0 refers to the CAI contrast without rotation. σx and σvy correspond to the position
and velocity dispersion of the atomic cloud, respectively, along the X axis and the Y axis.
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2.3. Hybrid Instrument Simulator

The development of a simulation tool was initiated with the objective to provide
realistic measurements coming from an EA and a CAI both on-board a satellite in orbit
around Earth. This simulator allows, depending on the chosen architecture, hybridizing
both accelerometers with or without a shared EA proof-mass, so this proof-mass can or
does not play the role of the reference mirror for the CAI.

The software being developed recreates more particularly the dynamics of the satellite
in its environment, the electrostatic accelerometer, and the atomic interferometer, as well as
the hybridization of both measurements as post-processing. The simulator is composed of
several blocks modeling several subsystems (see Figure 9), which are described in the next
paragraphs.

Figure 9. Global view of the software simulator for the in-orbit operation of the hybrid accelerometer.

2.3.1. Satellite Environment

The first block of the simulator provides a simplified model of the spacecraft motion,
following a perfect Keplerian orbit around the Earth. The satellite attitude is Earth pointing.
Although the attitude has been considered ideal in our simulations, it is possible to add
perturbation (noise or deterministic signal) in order to take into account the imperfections
of the attitude and orbit control system (AOCS). For the non-gravitational external per-
turbation, a simple constant model of the residual drag acceleration was applied. The
simulator also takes into account the gravity gradient, which introduces acceleration in
the measurements due to the offset between the center of mass of the satellite and of the
electrostatic instruments, on the one hand, and of the atomic instrument, on the other hand.

2.3.2. Electrostatic Accelerometer

The principle of operation of an EA was already described in Section 1.3. The chosen
HybridSTAR instrument (see Section 3.4.2 for details on the design) uses a cubic proof-
mass involving, by construction, all three axes having the same performance in-orbit. The
software simulator models the acceleration measured by the EA, that is to say, the dynamics
of the proof-mass relative to the center of the electrostatic cage. The dynamics is computed
in two parts: the first block computes the dynamics of the electrostatic cage in the reference
frame of the satellite and the second one the dynamics of the proof-mass in the reference
frame of the electrostatic cage.

The proof-mass of the electrostatic accelerometer is surrounded by several sets of
electrode pairs. Its motion induces a variation of the gaps between the mass and the
electrodes, and therefore, a variation of the corresponding capacity, which is measured by
the capacitive detector (see Figure 3a). In the simulator, the capacity is computed taking into
account the position of the proof-mass, and the detector is modeled by a gain, a first-order
transfer function, and a saturation, as well as its noise. By combining the outputs of the
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different electrode pairs, the PM position is deduced along the six degrees of freedom
(three translations and three rotations). The PID-type corrector computes the voltage to be
applied to the electrodes in order to compensate for the PM motion and to keep it centered.
The command is amplified by the drive voltage amplifier (DVA), whose transfer function,
saturation, and noise are taken into account. This corrective voltage is applied to the PM
by the same electrodes used for the position detection. The electrostatic stiffness of the
control loop is taken into account, resulting in a perturbative term proportional to the PM
position in the actuation. The resulting electrostatic actuation keeps the PM motionless in
the satellite, and therefore, provides a measurement of the acceleration of the PM relative
to the satellite. The simulation includes a secondary input for commanding the proof-mass
position. This input is used when the proof-mass of the electrostatic instrument acts as the
CAI reference mirror for the atom interferometer in order to compensate for the satellite
rotation, as discussed in the following Section 2.3.3 describing the CAI part of the simulator.
The main contributors to the EA noise were included in the simulation: detectors’ noise,
analog-to-digital converter (ADC) measurement noise, thermal fluctuation of the bias, and
wire damping.

2.3.3. Cold Atom Interferometer

In a cold atom interferometer, the test-mass is a gas of cold atoms obtained by laser
cooling and trapping techniques. This cloud of atoms is released from a trap, and its
acceleration is measured by an atom interferometry technique (see Section 1.2 for more
details). The simulator models the motion of each individual atom of the cloud along the
three axes. Due to computation time, the number of atoms is limited to a few hundred. Each
one is assigned with a random initial position and velocity, corresponding to the atomic
cloud spatial dispersion and the atomic cloud temperature. Contrary to the electrostatic
accelerometer with its high measurement rate of 1 kHz, the atomic interferometer presents
a low sample frequency, limited by the interferometer cycle duration Tc = 4 s in our
simulations. The cycle begins with the trapping of the atomic cloud. The atoms are then
released, and the interferometer phase runs for 2 s, with the atoms interacting with the laser
beams. Finally, the proportion of atoms in the two atomic states is detected. The simulator
therefore delivers the measurement for the atoms acceleration once per cycle.

For the CAI, a Mach–Zehnder-type interferometer is simulated, consisting of a se-
quence of three laser pulses. A very simple model was used, where the measurement of the
atom interferometer can be seen as a combination of three distance measurements between
the atoms and the reference mirror. The simulator therefore models the dynamics of the
atoms relative to the mirror. As developed in the next part, this mirror can either be a fixed
mirror or the proof-mass of the electrostatic accelerometer.

For the sake of simplification, the laser pulse durations of the CAI are considered
infinitely short compared to the interrogation time T, and the intrinsic effects that modify
the energy level of the two involved atomic states between the first and third laser pulse
are not taken into consideration for the moment in our simulation. The interferometer laser
beams are considered with a uniform intensity distribution, perfectly retro-reflected on the
reference mirror and directed along the X axis. It is possible to add in the simulation a
phase noise and a phase bias.

The probability for one atom to be in one particular atomic state is deduced from the
phase considering an ideal contrast C = 1 and offset P0 = 1

2 , and the proportion of atoms
measured in each atomic state is computed as the mean value of this probability for all the
atoms composing the cloud, in addition to a white noise corresponding to the quantum
projection noise (see Section of Performance Aspects). The extraction of the measured
acceleration is computed at each cycle i from this mean probability Pi according to:

aCAI,i =
εi

ke f f T2 arccos

[
2
(

P0,i − Pi
)

Ci

]
+ ni

2π

ke f f T2 (7)
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where εi = ±1 and ni ∈ Z
εi and ni result from the fringe indetermination due to the cosine function linking

the interferometric phase and the acceleration. In the hybridization scheme, they are
determined thanks to the EA. At this stage of simulator development, Ci and P0,i, resulting
from the averaging of the signal over all the atoms, are considered perfectly known.

2.3.4. Hybridization Algorithm

The objective of the hybridization algorithm is to combine both electrostatic and atomic
measurements so that the EA can benefit from the long-term stability of the CAI measurement.

The principle of the algorithm is described in Figure 10. The two inputs are the
acceleration measurement of the EA (aEA) at 1 kHz and the signal of the CAI (Pi) at 1/Tc,
that is to say, 0.25 Hz for a cycle time Tc = 4 s.

Convolution
with the CAI

response function

CAI
Fringe index

determination
CAI

deadtimes
processing

CAI

EA
EA bias

estimation-

Figure 10. Global structure of the hybridization algorithm.

The fringe index of the CAI is determined thanks to the EA measurement. For this
purpose, the EA measurement is convoluted by the response of the atom interferometer (cf.
Equation (4)) and corrected from the EA bias giving a debiased EA measurement (ahyb

EA,i).
The estimation of the EA bias is performed iteratively by comparing the value of

acceleration provided by the CAI (aCAI,i) and the value of acceleration provided by the EA
for the current cycle after convolution with the atomic response function and corrected by
the bias estimated at the previous iteration (ahyb

EA,i).
For the interferometric cycle i, the estimation bi of the EA bias is:

bi+1 = bi + Gb ×
(

ahyb
EA,i − aCAI,i

)
(8)

where Gb is the hybridization gain to be adjusted to give more or less weight to the current
CAI measurement to determine the EA bias. Basically, this gain should be optimized
taking into account the noise spectra of the CAI and the EA and more particularly the
frequency where the two ASDs of acceleration noise intersect. This gain determines
the convergence time of the hybridization algorithm to evaluate the EA bias. Note that
during the convergence process, the acceleration is still continuously provided by the
hybrid instrument.

In the CAI, the atoms’ acceleration is measured once per cycle. The interaction phase
is surrounded by two dead times (see Figure 2), dedicated to the trapping and detection of
the atoms. Because of these measurement dead times, the atom interferometer is subjected
to errors. To avoid this effect, the EA measurements are used to fill the dead times. The
hybrid acceleration measurement, after this processing filter, is for cycle i:

aHyb,i = aCAI,i +
[

aEA ∗ ( fa,Tc − fa,T)/T2
]
(ti) (9)

where fa,T is the acceleration response function of the CAI for an interrogation time T and
fa,Tc for an interrogation time Tc.

The two possible outputs of interest are the continuous electrostatic acceleration
measurement corrected with its bias estimation at each cycle, that is aEA − bi, and the
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interferometric measurement after determination of the fringe index and removal of dead
times, ahyb

CAI,i. The former is the one that we mainly considered in this paper and that we
used for the numerical gravity performance simulations. The latter could be useful in the
case where the CAI offers better noise performance compared to the EA and when the
mission allows a lower measurement sampling rate.

3. Results and Discussions
3.1. Numerical Gravity Performance Simulations
3.1.1. Instrument Noise Impact

It is clearly observed in Figure 11 that a higher EA corner frequency allows for a
larger impact of the CAI, but simultaneously lowers the overall performance of gravity
field retrieval. This is not observable for Case 4, where the CAI performance is equal
to the EA noise floor. Not all hybridization scenarios lead to an improvement of the
solution quality compared to a stand-alone EA. Indeed, looking for instance at Figure 11,
no significant differences can be observed between the coefficient residuals of the reference
EA scenario and Case 1 and only a slight improvement can be seen for Case 2, in the
disadvantageous scenario, for the EA, presenting a 3 mHz corner frequency. This behavior
can be attributed to the fact that the obtained accelerometer improvement lies below the
frequency bandwidth that is relevant for gravity field retrieval. The lower boundary of
this frequency band is defined by the satellites orbital frequency, which is approximately
1.8× 10−4 Hz (equivalent to complete revolution in about 90 min) for both the polar and
the inclined pair. In Case 2, for an EA corner frequency of 1 mHz, the hybridization of the
EA occurs at a frequency that is very close to the edge of the retrieval band, and therefore,
no significant improvement could be achieved. This is no longer the situation if now an EA
corner frequency of 3 mHz is assumed. Considering a 1 mHz EA corner frequency, we can
observe only significant improvements with respect to a stand-alone EA scenario when
assuming a hybrid accelerometer compatible with Case 3 and Case 4. The degree RMS of
the residuals improves by up to a factor three in the SH degrees below n = 10 for Case 3
and, in the same spectrum area, by roughly one order of magnitude for Case 4.

Considering now a Bender-type configuration (cf. Figure 12), we can see that the
overall level of the coefficient residuals is significantly lower than for a GRACE-type
one. This highlights one of the interests of a Bender-type mission, which improves the
observation geometry and allows, amongst others, registering the east–west components
of the gravity field. The accelerometer stability plays here a much smaller role towards
the solution quality than in the case of a single-pair mission. Considering the optimistic
scenario of Case 4 and an EA corner frequency of 1 mHz, the performance gain is now only
limited to degrees below n = 20. Nevertheless, it allows for improvements of up to one
order of magnitude in the very low degrees up to n = 5, which is still substantial with
regard to time-variable gravity applications.

It is important to note that the retrieval performance gain that could be achieved
through hybridization is not limited to the frequency bands specified in Figure 6, but in-
stead extends into the high-degree spectrum of the gravity field solution (cf. Figures 11–13).
This behavior arises from the fact that a one-to-one relation between the instrument’s fre-
quency spectrum, related to the time domain of the orbit track, and the spherical harmonic
spectrum, related to the space domain of the sphere, only holds for zonal coefficients, while
coefficients of high orders contain significant amounts of low-frequency information [70].
Therefore, if the quality of low-frequency observation increases, then, consequently, the
retrieval quality of the sectoral and tesseral coefficients is also improved. Figure 13a,c
show the relative improvements made in analyzing the formal error triangles of Case 3 and
Case 4 with respect to the reference EA scenario. We can see that the hybridization may
significantly influence high-degree sectoral coefficients, as well as high-order tesseral coeffi-
cients. This finding is of particular interest for a GRACE-type mission, as this behavior can
contribute to the reduction of the typical striping pattern observed in Figure 13a–c, which,
aside from temporal aliasing, occurs due to the low retrieval quality of (near-)sectoral



Remote Sens. 2021, 14, 3273 17 of 43

coefficients, which in turn stems from a lack of observations in the east–west direction.
In the case of a Bender-type mission (cf. Figure 12), the accelerometer’s noise impact on
the retrieval of the (near-)sectoral coefficient groups is far more limited in comparison
to a single polar pair, because the overall observation geometry is already significantly
improved through the additional observation components in east–west directions provided
by the inclined pair.

Figure 11. Degree RMS of residual coefficients for a GRACE-type mission under consideration of
the static gravity field signal and a hybrid accelerometer with a 1/ f 3 EA noise slope for an EA corner
frequency (a) of 0.3 mHz (left), (b) of 1 mHz (center), and (c) of 3 mHz (right). The respective formal
errors are shown as dashed lines of the corresponding color.

Figure 12. Degree RMS of residual coefficients for a Bender-type mission under consideration of the
static gravity field signal and a hybrid accelerometer with a 1/ f 3 EA noise slope for an EA corner
frequency (a) of 0.3 mHz, (b) of 1 mHz, and (c) of 3 mHz. The respective formal errors are shown as
dashed lines of the corresponding color.

3.1.2. Temporal Variation of the Gravity Field

A series of simulations was conducted during this study to investigate the hybrid
accelerometer’s impact when temporal variations of the gravity field due to tidal and non-
tidal effects (atmosphere (A), ocean (O), continental hydrology (H), land ice mass (I), and
solid earth (S)) are taken into account. For the sake of completeness, we only comment here
on the results already presented in detail in [42], since no additional simulation results were
obtained. Introducing the different components of the temporal signal induces temporal
aliasing, which degrades the gravity retrieval performance. The different components of
the temporal signal are introduced subsequently. For the non-tidal signal components,
the updated ESA Earth System Model is used, while the ocean tides are introduced by
means of the models FES2004 (used as the “truth”) and EOT08a (used as the a priori model
for de-aliasing). In either simulation case, the retrieval error is significantly increased in
comparison to a scenario assuming only instrument errors due to the now introduced
temporal aliasing. The differences between Cases 1–4 were greatly diminished, meaning
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that the aliasing constitutes the predominant error source for gravity retrieval—especially if
the atmosphere and ocean (AO) and ocean tides are considered. Nevertheless, the retrieval
errors of Cases 1–4 obtained from simulations based on land hydrology, land ice mass, and
solid earth (HIS) variations (i.e., where AO and ocean tides are disregarded) still show
notable variations primarily in the spectrum below n = 10 and, therefore, suggest that
the accelerometer performance is not entirely masked by the aliasing errors. In case of
additional AO, some variations can still be found in the low-degree spectrum, but they are
far less pronounced than in the case of HIS alone. Once the ocean tides are included in
the simulations, the accelerometer performance becomes fully subordinate to the temporal
aliasing. These findings clearly indicate the need for high-quality de-aliasing models,
respectively, techniques to co-estimate AO and ocean tides in order to see the hybrid
accelerometer’s additional value for gravity field retrieval in the context of a real satellite
gravity mission. Consequently, this finding strongly advocates the implementation of a
Bender-type mission (or a multi-pair mission in general), as such a configuration enables
the co-estimation of high-frequency mass variations for the low-degree coefficients (i.e.,
reduces the temporal aliasing significantly).

Figure 13. Relative improvement of the formal errors for Case 3 (a) and Case 4 (b) towards the EA
scenario for a GRACE-type mission under consideration of the static gravity field signal and a hybrid
accelerometer with a 1/ f 3 EA noise slope, as well as an EA corner frequency of 1 mHz. Global geoid
height errors are shown for EA-only (c), Case 3 (a’), and Case 4 (b’).

3.1.3. Bias and Scale Factor Impact

The impact of accelerometer bias and particularly scale factor uncertainty on the grav-
ity field retrieval was investigated. First, it was concluded that accelerometer measurements
suffering from a constant observation offset would only affect the retrieval of the term C00
and, consequently, some further (primarily zonal) coefficient groups. However, since C00 is
fixed and linked to the total Earth’s mass, the gravity solution is scaled accordingly, thus
fully removing any effects resulting from the bias. The following is dedicated to evaluating
the impact of improved knowledge or stability of the hybrid accelerometer’s scale factor
with respect to the one of a stand-alone EA. We consider that the retrieval error ∆ has
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two dominant contributions, one coming from the measured signal impacted by the scale
factor uncertainty and the other coming from the instrument noise, and the objective is to
determine which one dominates in terms of the ASD of acceleration noise. For this analysis,
we define the relative scale factor knowledge as 2× 10−3 for the EA and 10−5 for the hybrid
measurements, assumed to be invariant over the observation period. We consider first
a mission flying in drag-free mode as specified in the NGGM requirements [1], where
the thrusters compensate the drag signal at a certain level, leaving the so-called residual
drag to be measured by the accelerometer. In this case, the contribution of the scale factor
error to ∆ is fully masked by the instrument noise in both cases of a stand-alone EA and a
hybrid instrument.

We consider now a mission where no drag compensation is applied at all, with the
level of the drag acceleration signal given in Figure 14, extrapolated from [71], here slightly
more conservative, especially with regard to the cross-track and radial signals’ spectra.

Figure 14. Drag signal model at a 361 km altitude, extrapolated from [71].

It can be seen in Figure 15a, where a stand-alone EA is considered, that the total
retrieval error is dominated clearly by the scale factor error from 0.2 mHz to 10 mHz,
leading to an increased retrieval error (cf. Figure 15b).

Figure 15. Retrieval error with scale factor and instrument noise contributors, considering a stand-
alone EA (a) and the corresponding LOS projection (b).

When a hybrid instrument is now considered (cf. Figure 16, where a Case 2 1D-
hybridization is analyzed), the impact of the scale factor error is no longer significant
relative to the instrument noise. If we consider particularly a 1D-hybridization along-track
and a Case 2 CAI noise level, the impact of the scale factor error is no longer significant
relative to the instrument noise. We can see in Figure 16a that the residual signal in the cross-
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track and radial direction features partially higher amplitudes than the instrument noise
level, but this effect is fully mitigated once the line-of-sight (LOS) projection is computed.
This performance already poses a significant improvement compared to a stand-alone EA.

Figure 16. Retrieval error contributors with scale factor and instrument noise contributors, consider-
ing a Case 2 1D-hybridized instrument (a) and the corresponding LOS projection (b).

3.2. Experimental Demonstrations

This section is dedicated to the presentation of the main experimental results aiming
to investigate in a lab, on the ground, the concept of a space hybrid instrument.

3.2.1. Hybridization Demonstration

A hybridization algorithm, similar to the one described in Section 2.3.4, was imple-
mented in the experiment, coupling both the atom accelerometer and the electrostatic
accelerometer. The EA was used to determine the CAI fringe index for each cycle. Further-
more for each cycle, the EA bias was evaluated thanks to the CAI. We can see in Figure 17
such an experimental implementation of this hybridization algorithm for a CAI interroga-
tion time T = 20 ms, which illustrates, qualitatively, in a clear way, the gain that could be
reached in a future space mission. These results show that the hybridized system takes the
best part of each EA and atomic instrument, namely the short-term sensitivity of the EA
and the long-term stability of the CAI. The hybridization algorithm shows a correction on
the EA signal that begins to be effective from roughly 3 s of integration time. Note that
the continuous feature of the EA allows exploring also the sensitivity region below 0.25 s,
which is not the case for the CAI, which is limited by its measurement cycling frequency of
4 Hz.

We would like to emphasize that these presented data do not correspond to what is
really expected in terms of performance from an EA, a CAI, or a hybridized instrument
in a future space mission (cf. Figure 6). The EA ground prototype was, for instance,
designed specifically to sustain the vertical gravity acceleration. The performance of the
EA along the vertical axis is therefore degraded due to the high voltage necessary for the
proof-mass levitation.

3.2.2. Satellite Rotation Compensation

The characterization of CAI contrast dependency relative to, independently, plat-
form rotation or the EA’s proof-mass rotation was studied in detail. We report here the
main results.
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Figure 17. ASD acceleration noise for the EA (black curve), the cold atom gravimeter (blue curve),
and the EA corrected by the CAI through a hybridization algorithm (red curve). The interrogation
time of the CAI was set to T = 20 ms to highlight the interest of hybridization and reproducing
qualitatively the noise assumptions treated in the numerical gravity simulations. Note that, at a high
frequency ( 1 Hz), the red curve is completely superimposed on the black one.

Proof-Mass Rotation

The proof-mass of the EA, acting as the reference mirror for the CAI, was excited
in rotation during CAI measurement cycles. The method of rotation excitation follows a
sine function, as described in Section of Rotation Issues for the CAI. We consider here the
specific case of an excitation frequency of νexc = 1/2T ≈ 10.87 Hz and study the effect
on atomic fringe contrast for different excitation phases. Here, the impact causing the
contrast drop comes mainly from the Coriolis acceleration and angular acceleration of the
proof-mass, which act with different weights depending on the phase and frequency of
the excitation.

We can see in Figure 18a the variation of the Ψ angle of the proof-mass around the Z
axis for a specific phase excitation of 0 rad and π/2 rad. The angle of the proof-mass is
monitored in real time during the interferometer sequence by capacitive detection of the EA.
These two phase values correspond to excitation configurations where the atomic contrast
is at its extrema (see Figure 18b). The excitations represented here correspond to peak-
to-peak amplitudes of around 106 µrad, 7.2 mrad/s, and 494 mrad/s2. For an excitation
frequency of 10.87 Hz and a 0 rad phase, we can see on the black curve of Figure 18a
that, during the three laser pulses, the mirror of the CAI (the EA’s proof-mass) is at the
same angular position. Therefore, for this phase configuration of excitation, the atomic
contrast has no reason to be affected by rotation effects. The black dashed line in Figure 18b
results from calculations (see Section of Rotation Issues for the CAI) of the contrast loss
using the expected experimental parameters as the inputs. The input parameters for the
calculated curve are a transverse atomic temperature of 1.6 µK and an atomic source of
0.8 mm diameter (corresponding to 4σ with ≈87% of the atoms) with the assumption of a
Gaussian position and velocity distribution. We can see that the calculations are in very
good agreement with the experimental data.
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a) b)

Figure 18. EA’s PM rotation and impact on CAI’s contrast. (a) Proof-mass angle Ψ measurement
during the interferometer phase delimited by the three laser pulse detected thanks to a photodiode
(red signal). The rotation excitation is made at 10.87 Hz with an amplitude of 106 µrad p-p. Two
excitation phases are represented, 0 rad (black) and π/2 rad (blue). The excitation phase is defined
relative to the first Raman laser pulse of the CAI. The dashed yellow lines are sine-fitting functions.
(b) Evolution of the atomic contrast according to the excitation phase for a 10.87 Hz sine excitation of
amplitude 106 µrad p-p. The experimental data are represented in black dots with ±2σ error bars.
The red dashed line results from a calculation of contrast loss using as inputs the same experimental
excitation parameters. The interrogation time of the CAI is T = 46 ms.

Note that the ability to control the CAI mirror as has been done offers the possibility
to characterize the atomic source in terms of position and velocity dispersion. Indeed, by
analyzing quantitatively the loss of contrast due to rotation due to the Coriolis effect or
angular acceleration, we should be able to determine precisely these characteristics. The
estimation of the transverse mean position and velocity of the atomic cloud relative to the
mirror is also achievable by analyzing the variation of the measured acceleration for differ-
ent rotation excitations. This could be of prime interest for space in-flight characterizations
of the CAI.

Platform Rotation

We show now the impact of the excitation of the whole setup by rotating the platform
supporting all the hybrid instrument consisting mainly of the cold atom gravimeter and the
electrostatic accelerometer. The excitation in rotation is much less accurate than the one that
can be performed with the proof-mass. In Figure 19, we report the atomic contrast loss due
to platform rotation following a sine function. The angular velocity of the table is measured
with a gyroscope. This amplitude of excitation allows fully reducing the atomic contrast.

In the next paragraph, we present a way to compensate the table rotation by actuating
the PM of the EA.

Rotation Compensation

This section is devoted to presenting a very preliminary demonstration of rotation
compensation with the hybrid prototype. Note that the compensation of rotations with
constant angular velocities has already been demonstrated with a reference mirror driven
by PZT actuators [55,57,58,60,69]. Here, in our experiment, we consider additionally the
impact of angular accelerations. The platform was excited around the Z axis with a sine
function at a frequency of ≈5.435 Hz corresponding to 1/(4T) where T = 46 ms. The
CAI is therefore submitted to all types of acceleration coming from the effect of rotation,
i.e., centrifugal, Coriolis, and angular accelerations. These accelerations induce a loss of
contrast of the atomic signal as seen in the previous paragraphs. The gyroscope signal is
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integrated to drive the angular control of the proof-mass. After integration, a gain Gcomp is
applied to adapt the amplitude of the feedback, which is fed to the secondary entry of the
EA controlling the ψ angle of the proof-mass.

Figure 19. Contrast loss due to platform excitation with a sine actuation at 8.1 Hz around the Z
axis. The angular velocity of the platform is measured thanks to a gyroscope. The red dashed line
represents a Gaussian fit, in agreement with the expected contrast decrease. The interrogation time of
the CAI is T = 46 ms.

The first results on active rotation compensation were obtained for an excitation of the
platform at 5.435 Hz, with an amplitude of angular velocities of 5 mrad/s p-p and angular
accelerations of 170 mrad/s2 p-p. The effect of the implemented compensation scheme
on the atomic contrast is visible in Figure 20a. The variation of the atomic contrast was
analyzed relative to the gain amplitude of the compensation signal. The offset signal of the
CAI contrast was subtracted and then normalized by the atomic contrast value obtained
with no rotation. We can see that if no compensation signal is applied (gain = 0), the CAI
contrast drops by ≈93%. The CAI contrast does not fall completely due to the limited
excitation amplitude of the platform. For higher excitation amplitudes, perturbations of
the EA’s proof-mass along the horizontal plan are too strong to allow precise control of the
PM. Increasing the gain on the compensation signal allows recovering the CAI contrast.
An optimum gain of ≈−2.6 (×2000) enables up to 85 % of the CAI contrast to be recovered.
Increasing the gain even further leads to an over-compensated regime where the contrast
falls again. For gains higher than ≈−5.2 (×2000), the contrast drops even more than the
initial value with no compensation. The higher excitation amplitudes offered by PM control
allow this time to decrease the contrast to zero for gains higher than ≈−7 (×2000).

Looking at the PM excitation amplitude (cf. Figure 20b), we can see that we were
able to drive rotation amplitudes up to ≈16 mrad/s p-p, much higher than the platform
excitation amplitudes, which explains that the CAI contrast drops efficiently to zero. As
expected, the optimal contrast recovery was obtained for the same level of angular velocity
that the platform was submitted to, i.e., ≈5 mrad/s p-p. In this configuration, the PM
is motionless in the inertial frame. Increasing the PM amplitude to twice this value, i.e.,
≈10 mrad/s p-p, makes the atomic contrast return to the value obtained when only the
platform is excited, which seems logical since the PM is now rotating with an angular
velocity of ≈5 mrad/s p-p in the inertial frame.

The non-perfect contrast recovery has not been yet analyzed in detail, but the main
suspicions concern the non-perfect alignment between the rotation axis of the table (Z
axis) and the Ψ rotation axis of the PM or generation of parasitic rotation excitations
along the Y axis, the second horizontal axis, corresponding to Θ rotation for the PM. The
parasitic rotation excitation was measured with the two-axis gyroscope, and we evaluated
at a level of 25% of the total excitation the amplitude of the rotation around the Y axis,
which had a non-negligible effect on the atomic contrast for excitation amplitudes used in
our experiment.
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Figure 20. (a) Active rotation compensation impact on the CAI contrast for a platform excitation
at 5.435 Hz. The variation of the CAI contrast is reported according to the gain amplitude of the
compensation signal. (b) PM angular velocity amplitude (left axis) and angular amplitude (right axis)
according to the compensation gain. For 0 gain, the proof-mass is not moved and the CAI contrast
loss is only due to platform rotation. For a gain of ≈−2.6 (×2000), the CAI contrast is retrieved at a
maximum of ≈85%. For a gain of ≈−5.3(×2000), the atomic contrast returns to a value similar to
that obtained with only the platform excited and the PM motionless.

Note that it would be possible in principle to use also the angular acceleration out-
put of the EA to benefit from more high-frequency information concerning the angular
velocity variations at the location of the PM. A compensation scheme merging measure-
ments coming from an external gyroscope and from the angular accelerations measured
by the EA seems interesting and should be studied, especially in this specific case of a
hybrid instrument.

3.3. Hybrid Instrument Simulator
3.3.1. Ea Noise

Figure 21 shows the simulated noise of HybridSTAR, the designed EA (see Section 3.4.2)
for hybridization, in the case of a non-rotating proof-mass.

Figure 21. ASD of noise for the EA HybridSTAR given for the three axis in case of a non-rotating
proof-mass.
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As we can see in Figure 21, the Z axis has a higher noise because of the dedicated
electrode design of HybridSTAR, which allows managing the rotation of the proof-mass
around the cross-track axis (cf. Section 3.4.2).

3.3.2. Hybridization Signals on the Ground

In order to validate the hybridization algorithm implemented in the simulator, the
results obtained in terms of sensitivity with the on-ground lab prototype (see Figure 17)
are reproduced with the simulation and reported in Figure 22. In this on-ground experi-
ment, for each measurement cycle, the electrostatic accelerometer was used to determine
the interferometric fringe index, and the electrostatic accelerometer bias was evaluated
thanks to the atomic interferometer. The results show clearly, in the hybrid instrument
signal (red curve), the correction of the electrostatic accelerometer drift (black curve) using
the long-term stability of the atomic interferometer (blue curve), while the electrostatic
accelerometer, with a sampling rate of 1 kHz, allows the exploration of the high-frequency
region inaccessible to the atomic instrument because of its cycling time.

Figure 22. ASD of the acceleration noise, for the electrostatic accelerometer in black, the atom
interferometer in blue, and the resulting combination in red. These data are provided by the developed
hybrid instrument simulator.

3.3.3. Satellite Rotation Compensation

Due to satellite rotation around the Earth, the atoms are submitted to centrifugal
and Coriolis accelerations. Because of the initial position and velocity dispersion of the
atomic cloud, each atom should provide different outputs in terms of acceleration. The
resulting interferometric phase difference for each atom induces a contrast loss in the
interferometer fringes. This effect is taken into account in the simulator (see Figure 23)
through the random inertial position and velocity affecting the atoms of the cloud. We
considered for the simulation a standard deviation for the position and velocity distribution
of, respectively, 2 mm and 2.5 mm/s. This velocity dispersion corresponds to an effective
atomic temperature of 70 nK coming from the velocity selectivity of the foreseen detection
scheme (see Section of Global Architecture).

With an orbital angular velocity of ≈1.1 mrad/s and an interrogation time of T = 1 s,
the atomic signal disappears almost completely.

It has been proposed to overcome this limitation in CAIs by rotating the CAI reference
mirror, which acts as the acceleration measurement reference [55,69], and compensating
the detrimental effect of rotation. In our specific hybrid design, the EA’s proof-mass is
used as the reference mirror for the CAI. Because the atomic interferometer measurement
is not affected by the motion of the mirror between the laser pulses, whose durations are
considered negligible, we chose to move the proof-mass angular position following a sine
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motion rather than with a constant angular velocity in order to have a smoother control
(see Figure 24). If a saw-tooth signal had been used, the control of the PM would have been
challenging in order to be fast enough to allow the repetition of the command for every
interferometric cycle while allowing such a large motion range. A PID-type controller was
used to control the electrostatic proof-mass. With a large bandwidth of 27 Hz and a high
control gain, the PM was able to accurately follow the compensation command, on the
condition of correcting the command’s amplitude and time delay due to the control loop.
A simulation was run with the computation of the acceleration with 100 atoms, with the
electrostatic proof-mass acting as the CAI reference mirror while compensating the satellite
rotation. As shown in Figure 23 (purple curve), the contrast of the interferometric fringes,
which was completely lost when using a fixed Raman mirror, was fully recovered. For an
efficient correction, the real orbital rotation shall be known with an accuracy better than 1%.

Figure 23. Interferometric signal when using a fixed CAI reference mirror (yellow) and when using
the electrostatic proof-mass, acting as the reference mirror, to compensate for the satellite rotation
(purple). The simulation is performed with a simulated atomic cloud of 100 atoms, a standard
deviation of the atomic velocities of 2.5 mm/s, of the initial atomic positions of 2 mm, and an
interrogation time of T = 1 s.

Time (s)

Figure 24. Control of the electrostatic proof-mass angular position during an interferometric cycle.
The angular velocity to be compensated between t1 (first CAI laser pulse) and t3 (last CAI laser pulse)
is represented in red.

As seen previously (cf. Figure 21), the ability to rotate the EA proof-mass induces an
increase of EA noise on the radial axis due to the common electrodes for the control of
translation along Z and the rotation around Y. To decrease this impact, a new design of
the electrodes with a separation between linear and angular control could be studied in
the future. For the X axis, along-track, the main impact of the rotation is due to the fact
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that the measurement is performed on the proof-mass reference frame, which is in rotation
with respect to the satellite frame. The electrostatic forces exerted by the electrodes on the
along-track axis are perpendicular to the proof-mass, as they follow the electric field lines.
As a consequence, the direction of the electrostatic forces will depend on the rotation of
the proof-mass around the cross-track axis. Figure 25 shows the noise on each axis with
rotation of the proof-mass. Peaks at the cycle period appear. The peaks at multiples of the
frequency of PM rotation are due to the non-linearities of the electrostatic forces, which
are proportional for each electrode to the inverse of the square of the distance between the
electrode and the proof-mass. Along radial axis Z, the peaks are more visible as there is
also the effect of the variable potential applied on the electrodes to rotate the proof-mass.

It is necessary to take into account this orientation in order to deduce the acceleration
on the along-track axis and on the radial axis. This could be done by using the angular
position of the proof-mass given by the capacitive detector. The error in the estimation
of the acceleration on the along-track axis due to the rotation of the proof-mass depends
on the projection of the bias and noise of radial axis, as well as the error in the rotation
reconstruction (due to the detector error). The rotation noise is directly related to the
detector noise level, which is about 10 nrad.Hz−1/2. The detector bias is about 10 µrad.

Figure 25. HybridSTAR accelerometer noise performance obtained with the hybrid instrument
simulator. The EA’s proof-mass is rotated around the Y axis for satellite rotation compensation. The
noise along the radial axis Z is slightly degraded due to this functionality.

3.4. Hybrid Instrument Design

For the purpose of investigating this concept of hybrid accelerometer for future space
missions, we establish here a preliminary global design of the instrument with the related
estimation of the size, weight, and electrical power consumption (SWaP) and give also
some performance evaluations.

3.4.1. Atom Interferometer
Global Architecture

For the atomic accelerometer, we considered primarily an atomic source constituted by
a molasses source of 87Rb that benefits from a more mature technology development and
that should lead to a more favorable SWaP for a satellite-based mission than an accelerome-
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ter based on a BEC source [72,73] or evaporatively cooled source [25,38]. Nevertheless, the
performance in terms of accelerometry with a BEC are expected to be better [74]. Indeed, a
BEC source benefits from a lower velocity dispersion and a better control/stability of the
position and initial velocity of the atomic cloud. A parallel to a BEC-based instrument is
given at the end of the design presentation.

For the CAI, we considered the standard configuration of a three-light-pulse
Mach–Zehnder interferometer and a Raman double diffraction scheme [75], well adapted
for microgravity environments, with a laser retro-reflected on the EA’s proof-mass.

The vacuum chamber (see See Figure in Section 3.4.3) is based on a glass cell setup
connected to a titanium base where the vacuum is maintained thanks to non-evaporable
getters and an ionic pump. Two rubidium dispensers are also integrated in the titanium
base, which allow the atomic cloud to be loaded from a background vapor.

The detection of the atomic population is realized thanks to four photodiodes sur-
rounding the atomic cloud and a laser beam selecting spatially the atoms in a region of
typically 1 cm × 1 cm × 1 cm, providing an effective velocity selection of the atoms and
decreasing artificially the temperature of the detected atoms to≈100 nK for typical foreseen
interrogation times. Two layers of mu-metal magnetic shield are foreseen to lower the
impact of external magnetic fields, leading to a theoretical shielding factor of ≈2000 in the
interferometer region.

The measurement cycle begins with the cooling and trapping of the atomic cloud
in a 3D magneto-optical trap (MOT). The atoms are loaded for 1 s. A molasses phase of
typically 20 ms follows, which decreases further the temperature of the atoms down to
≈1 µK. A preparation phase aiming to put the atoms in a specific state follows. This phase
is a combination of microwave transitions and/or Raman velocity selective transitions and
a blast pulse to populate a magnetically insensitive atomic state. Then, 2.5× 108 atoms are
expected to participate in the interferometer. The interferometer phase begins with a Raman
double-diffraction pulse, followed by a blast pulse, which removes unwanted populated
states that would participate in a contrast decrease at the interferometer output. A second
Raman pulse occurs, followed also by a blast pulse. The interferometer sequence finishes
by a third Raman pulse, which recombines the two interferometer paths. The population in
the two hyperfine atomic states, which reflects the interferometer phase, is measured with
an independent detection beam, which selects, in conjunction with four photodiodes, the
center of the cloud and, therefore, the colder atoms. The number of detected atoms should
be ≈3× 105 for a typical interrogation time T = 1 s (see Section of Performance Aspects).

Performance Aspects

In the following, we give a rough estimation of some important effects that could limit
the performance of the cold atom interferometer in space. This constitutes a non-exhaustive
analysis with estimations given for a CAI based on a molasses source:

• Fundamental limit:
The fundamental limit in terms of sensitivity is given by the so-called quantum
projection noise (QPN) [76,77]. This noise per shot at the output of a double-diffraction
atomic accelerometer is given by:

σQPN
a =

1
2ke f f T2

1
C
√

Ndet
(10)

where Ndet is the number of detected atoms contributing to the interferometer signal.
This formula assumes working at mid-fringe. C refers to the interferometer contrast.
ke f f ≈ 4π/λRb ≈ 1.6× 107, where λRb is the laser wavelength associated with the
rubidium atomic transition.
The QPN sensitivity of the CAI, relative to the interrogation time T, is reported in
Figure 26a. The contrast C is calculated taking into account an imperfect contrast
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without rotation of 0.5 coming, for instance, from imperfect Raman beamsplitters
and mirrors.
We can see that increasing the interrogation time does not improve continuously
the sensitivity, which is a consequence of atom losses due to collisions during free-
fall with the residual background gas, of contrast loss due to satellite rotation, and
finally, of the spatial expansion of the atomic cloud relative to the finite size of the
detection area, which conducts a loss of detected atoms and an increase of the quantum
projection noise. This effect is illustrated in Figure 26b, which represents the evolution
of the number of detected atoms according to the interrogation time. The input
parameters lead to a number of 2.5 × 108 atoms entering the interferometer. We
can see, as explained, that the number of detected atoms decreases quickly with the
interrogation time reaching for T = 0.4 s approximately 107 detected atoms. The
assumption of an accelerometer limited by quantum projection noise should not
stand for a number of detected atoms lower than 103–104, where other types of noise
should dominate in the detection. Therefore, typically, in our case, considering 3× 105

detected atoms, a contrast C = 0.34 (beamsplitter efficiency + compensated satellite
rotation), an interrogation time T = 1 s, and a cycling time Tc = 3 s, we found a
quantum projection acceleration noise of σQPN

a = 3× 10−10 m· s−2· Hz−1/2.
• Detection noise:

Considering a molasses atomic source allowing 3× 105 detected atoms, a contrast
C = 0.34 (beamsplitter efficiency + compensated satellite rotation), with an interroga-
tion time T = 1 s and a cycling time Tc = 3 s, a near state-of-the-art detection noise of
σP = 10−3, and an interferometer operating at mid-fringe, we found an acceleration
noise contribution of the detection of 3× 10−10 m·s−2·Hz−1/2, similar to the quantum
projection noise, constituting the fundamental limit of sensitivity performance.

• CAI contrast:
Any imperfections of the beamsplitters or mirrors forming the interferometer reduce
the number of atoms involved in the interferometer and lead to parasitic paths, which
could impact the contrast of the interferometer fringes. The finite position dispersion
of the atomic cloud in conjunction with the inhomogeneous intensity profile of the
Raman laser reduce also the global probability transition and induce a loss of contrast.
For this contrast estimation, we considered a finite velocity distribution of the atoms
with an effective atomic temperature of 0.1 µK thanks to velocity selection and double-
diffraction transition with an effective Rabi frequency of 2π × 100 kHz, leading to an
estimation of C ≈ 0.5.
Satellite rotation is also responsible for contrast loss through centrifugal accelera-
tion, Coriolis acceleration, or angular acceleration. To estimate the impact of satellite
rotation on the CAI contrast (see Equation (6)), we assumed an angular accelera-
tion Ω̇sat = 2× 10−6 rad·s−2, corresponding to the maximum angular acceleration
measured in GOCE, an angular velocity Ωsat = 1.16 mrad·s−1, an atomic velocity
dispersion of ≈1 cm/s (≈1 µK), and an initial atomic position dispersion of 2 mm.
Figure 27 illustrates that the dominant contribution is by far the Coriolis acceleration,
which limits drastically the possibility to increase the interrogation time T. The two
other terms are nevertheless non-negligible for T approaching 1 s.
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Figure 26. (a) Dependence of the acceleration sensitivity according to the interrogation time T. The
dashed red line shows the sensitivity decrease, scaling as 1/T2. (b) Dependence of the number of
detected atoms according to the interrogation time T.

Figure 27. Contrast loss due to the different rotation terms for a satellite in orbit.

To allow measurements with the CAI, it appears fundamental to reduce the apparent
satellite rotation. The contrast drop is at the level of ≈40% by reducing the effective
angular velocity down to a level of 5 µrad/s and, at the same time, by reducing the
effective atomic temperature to 0.1 µK, which seems possible with velocity selection
during the detection phase and/or with a preliminary Raman velocity selective pulse
before the interferometer phase. Without atomic velocity selection, the residual angular
velocity should be reduced down to a level of 1 µrad/s.

• Scale factor: Considering the CAI parameters given in Table 3, the relative scale
factor uncertainty was estimated at the level of 4× 10−7. Considering linear drag
accelerations with amplitudes lower than 10−6 m·s−2 and a noise in the measurement
bandwidth (1–100 mHz) lower than 5× 10−9 m· s−2 [1], the scale factor uncertainty
should impact the acceleration measurement at the level of 4× 10−13 m·s−2 with a
noise impact of 2× 10−15 m·s−2. Note that in some specific mode of operation, where
the CAI is forced to operated at mid-fringe, the scale factor uncertainty could be even
further reduced to <10−9.

• Magnetic fields:
Even if the atoms are in one of the mF = 0 first-order insensitive magnetic states, they
are still affected by the second-order Zeeman effect [21]. Considering the uniformity
of the magnetic field on the order of 0.4% over ≈1 cm and assuming a bias magnetic
field during the interferometer phase of 10 mG, we can anticipate a parasitic gradient
magnetic field of typically ≈40 µG/cm. For an interrogation time of T = 1 s, this
gradient would lead to an acceleration error of ≈10−10 m·s−2. The rotating Earth
magnetic field on the order of ≈0.4 G, which creates magnetic field rate variations up
to 0.5 mG/s, should not have a significant impact on the measurement error thanks to
the double-diffraction scheme, but should be kept significantly lower than the bias
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magnetic field to keep the atom spins aligned along the quantization axis during the
interferometric phase. The foreseen double layer of magnetic shield should allow
this objective.

• Light shifts:
The effect of one- and two-photon light shifts [21,78] occurs during each Raman light
pulse and could be responsible for an energetic displacement of the two involved
hyperfine ground states, which has an impact on the phase at the output of a single-
diffraction Mach–Zehnder interferometer. Here, a double-diffraction scheme should
be implemented, and in principle, no impact of light shifts is expected, at least for
differential AC Stark shifts. The average AC Stark shift should be the remaining
contribution if we consider the spatial arm separation of the interferometer, which
should be around 2 cm for an interrogation time of 1 s. Considering a Raman beam
waist of 1.3 cm and a half angular divergence of 0.1 mrad [79], the relative intensity
difference between the extreme points on the interferometer should be ≈2× 10−4 and
the impact on the acceleration systematics a few 10−11 m·s−2. Note that this estimation
does not take into account steeper intensity gradients such as laser speckle.

• Misalignments:
The measurement axis of the atomic instrument is given by the direction of~ke f f . Any
misalignments between this direction and the satellite measurement axis should lead
to errors coming from the projection of accelerations. Let us consider first that the
Raman mirror is fixed relative to the satellite. In the atomic instrument, the Raman
laser is retro-reflected on the mirror, and therefore, the effective wavevector ~ke f f
is always orthogonal to the mirror plane. A defect in the retro-reflection will only
impact at first approximation the scale factor through a modification of

∥∥∥~ke f f

∥∥∥. A
misalignment of the mirror will induce therefore a misalignment of the measurement
axis by the same angle. The Raman mirror will constitute the reference for the atomic
measurement and, therefore, has to be precisely integrated in the satellite to avoid
important misalignment errors. Misalignment errors of the mirror referential relative
to the satellite referential should be of the same order of magnitude as the one foreseen
for the electrostatic accelerometer in NGGM, typically of ≈100 µrad. Angular errors
in the mirror mechanical structure itself should be significantly lower, estimated at
first sight as ≈10 µrad. The main contribution comes from the projection of transverse
drag accelerations. We considered for all axes residual linear drag accelerations
with amplitudes lower than 10−6 m·s−2 and a noise in the measurement bandwidth
(1–100 mHz) lower than 5× 10−9 m·s−2·Hz−1/2 [1]. This leads to acceleration errors
with a maximum amplitude of 10−10 m·s−2 and a noise of 5× 10−13 m·s−2·Hz−1/2 in
the measurement bandwidth.

• Raman wavefront aberrations:
Wavefront aberrations of the Raman laser are identified as a main limitation in cold
atom inertial sensors [22,25,80–83]. This is due to the fact that the measurement is
derived from the displacement of the free-falling atoms relative to the Raman laser
equiphase surfaces. Any distortions of the equiphase surfaces introduce therefore
parasitic phase shifts at the interferometer output, which translate into acceleration
biases and long-term drifts due to atom kinematic variations (initial atomic posi-
tion/velocity and temperature). For an atom whose trajectory is not perfectly aligned
with the Raman laser, the phases of the three pulses are different, leading to a sys-
tematic shift. The resulting phase error at the output of the interferometer depends
therefore on the initial density distribution of the atomic cloud, its expansion during
the free-fall, and the averaging over the final spatial distribution during the detection
process. State-of-the-art determination of the impact of wavefront aberrations on
acceleration measurements has been achieved using an evaporatively cooled atomic
source, with temperatures down to 50 nK, reaching an uncertainty for the effect of
1.3× 10−8 m·s−2 [25].
Since the error phase shifts due to wavefront aberrations result from the convolu-
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tion between the distribution of atomic trajectories and the Raman beam wavefronts
and, consequently, depend on parameters such as atomic temperature, atoms’ initial
position/velocity, and Raman laser beam shape, it is important to consider the re-
lated properties of the atomic source. If we simplify the problem and assume only
a quadratic dependency of the wavefronts on the transverse position of the atoms,
with an atomic cloud centered on the mirror and with no mean velocity, we can give
here a rough estimation of acceleration stability. Considering a high-quality mirror of
flatness (λ/300) over a diameter of 20 mm, corresponding to a radius of curvature of
≈19 km and a temperature variation of 100 nK, this leads to acceleration variations of
5× 10−10 m·s−2. Note that this model constitutes a huge simplification of the problem
of wavefront aberration and that it does not reflect totally the achievable performances.
It has to be taken as a best-case scenario. To evaluate more rigorously the stability of
the acceleration measurement, we have to take into account the position and velocity
stability of the atomic source along with the temperature stability. This leads to a
complex analysis, which should be treated with dedicated simulations [13].

• Coupling with satellite rotation:
All the acceleration terms coming from the satellite rotation, fundamentally linked to
the centrifugal acceleration, to Coriolis acceleration, and to angular acceleration, could
contribute to the measurement error of the atomic accelerometer. We give in Table 4
an estimation of the dominant errors terms. We consider here that the CAI, and more
particularly the atomic cloud, is located by construction at the position of the satellite
center of mass. Table 5 lists the assumptions concerning the atomic source allowing
the numerical evaluation of acceleration errors gathered in Table 4. We can see that
the Coriolis term, involving the transversal atomic velocity, has a largely dominant
contribution to the instrument stability. Assuming a compensated satellite rotation
around both the Y and Z axis at a level of 100 nrad/s, we can see that we reached a
level of 10−10 m·s−2 of acceleration stability. The error is dominated by the Coriolis
acceleration and the angular acceleration terms.

Table 3. CAI parameters for scale factor uncertainty estimations. σi refers to the uncertainty on the
parameter i.

Parameters ke f f ≈ 1.6× 107 m−1 τR = 50 µs T = 1 s Ωe f f = π/(2τR)

Uncertainty σke f f
/ke f f = 10−9 στR = 10 ns σT = 10 ns σΩe f f /Ωe f f = 10−2

Table 4. Estimation of main errors coming from the coupling of the atomic source kinematics with
the satellite rotation and the Earth gravity gradient. The estimations with rotation compensation are
given considering a satellite rotation compensation with a residual at a level of 100 nrad/s.

Acc. Stab. Acc. Stab. Acc. Stab
Inertial Terms without rot. Comp. with rot. Comp. with rot. Comp.

Around Y Around Y and Z[
±m·s−2] [

±m·s−2] [
±m·s−2]

2 ·Ωy · vz 2.3× 10−6 2× 10−10 2× 10−10

2 ·Ωz · vy 2× 10−7 2× 10−7 2× 10−10

Ω2
y · x 2.7× 10−10 2× 10−18 2× 10−18

Ω̇y · z 2× 10−10 2× 10−10 2× 10−10

Ω̇z · y 2× 10−10 2× 10−10 2× 10−10

Γxx · vx · T 3× 10−9 3× 10−9

Γxx · x 6× 10−10 6× 10−10
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Table 5. Assumptions on CAI atomic source parameters and satellite rotation parameters. δi refers to
the amplitude of variation impacting parameter i.

x, y, z = 0 vx,y,z = 0 Ωy = 1.16 mrad/s Ωx,z = 0.1 mrad/s (max)

δx,y,z = ± 200 µm δvx ,vy ,vz = ± 1 mm/s Ω̇ = 10−6 rad·s−2 (max, all axes)

• Coupling with Earth’s gravity gradient:
To evaluate the impact of the gravity gradient on the CAI acceleration measurement
stability, we considered the atomic source parameters reported in Table 5 and a rough
value of the Earth’s gravity gradient Γxx = Γzz = 3× 10−6 s−2. Two types of terms
were considered. The first ones, which have a dominant contribution, depend only
on the gravity gradient value and on the position of the atomic cloud. The second
ones, which are negligible, are crossed terms depending also on the satellite rotation.
Concerning the dominant errors terms, which are reported in Table 4, their impact
should be largely compensated thanks to an adequate frequency jump during the
second laser Raman pulse [84–86].

3.4.2. Electrostatic Accelerometer
Global Architecture

In the frame of NGGM [1], a new design of electrostatic accelerometer, MicroSTAR,
with a cubic proof-mass and numeric control loop has been proposed. The main advantage
of this proof-mass shape is to have the same performance along the three axes and to
provide three adapted angular acceleration measurements, which can be used for attitude
control, as was done in the MICROSCOPE mission. The HybridSTAR accelerometer
(cf. Figure 28a), the EA foreseen for the hybrid instrument, is a variation of MicroSTAR
accelerometer adapted for the needs of the cold atom sensor. With a satellite in an Earth-
pointing attitude control mode, the atomic sensor has a loss of contrast in the case of a
satellite-fixed mirror for the Raman laser beam, which can lead to the impossibility to
provide a long interrogation time measurement. To compensate this effect, HybridSTAR is
designed in order to use the proof-mass as a mirror for the Raman laser beam, as well as to
allow a rotation of the proof-mass around the cross-track axis to compensate for the satellite
rotation. Following this objective, the proof-mass size was increased, and consequently, the
electrode plates were changed compared to MicroSTAR.

The main differences with the other previous EA accelerometers are the shape of the
proof-mass and the dissociation of the stops from the ultra-low expansion glass (ULE)
plates. A window was also added on the housing to allow the passage of the Raman laser
towards the proof-mass. The dimension of the cubic proof-mass was increased and adapted
to the size of the Raman laser (φ = 25 mm). Figure 28b shows the presence of an additional
big hole at the center of the electrodes for the passage of the Raman laser beam. The six
electrode plates are identical to have a symmetrical core around the proof-mass and for
redundancy manufacturing aspects.
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a) b)

Proof-mass

Hermetic housing

Ionic pump

Viewport for the
CAI laser

Electrode plates

Figure 28. (a) HybridSTAR electrostatic accelerometer. (b) HybridSTAR electrode plates with the
cubic proof-mass.

HybridSTAR accelerometer is composed of the following sub-assemblies:

- A sole plate, which receives the core, the housing, and the hermetic feedthroughs, to
ensure the mechanical and electrical interfaces;

- A hermetic housing with the pumping system, to maintain and ensure the vacuum
inside the core;

- A core, with a cubic proof-mass polarized with a 5 µm diameter Platinum wire and
six identical electrode plates, providing the same sensitive measurements for the three
linear and three angular accelerations;

- A cage, independent of the core, which receives supports with the stops, limiting the
free motion of the proof-mass, preventing any contact with the electrode plates.

Performance Aspects

The electrostatic accelerometer was designed to fulfill the requirements of NGGM [1].
In order to have the capability to rotate the proof-mass around the cross-track axis, the
design is slightly different for the radial axis, which will be in charge of this rotation. In
particular, the detectors along this axis shall be able to see a great motion of the proof-mass.
The polarization wire also introduces a different contribution, depending on its direction.
This wire is implemented along the radial axis, as this axis is already degraded due to
the rotation control of the proof-mass. Figure 29a provides the ASD of the noise of the
accelerometer for the along-track axis, as well as the cross-track axis. The polarization
voltage is at 10 V and the detection voltage at 5 Vrms. The gap between electrode and proof-
mass is 300 µm. The mass of the PM is about 394 g. Above 0.1 Hz, the main contributor
is the detector noise. In the measurement bandwidth [1–100 mHz], the main contributor
is due to the contact potential difference, which is the worst case based on the estimation
from previous missions. Below 1 mHz, the main contributor is the thermal sensitivity of the
bias, considering the same stability as in the GOCE mission. A better thermal stability will
decrease this noise. In this configuration, the measurement range is ±7.5 10−6 m/s2 and
the control range is ±9.4 10−5 m/s2 (the control range is the maximal acceleration before
losing control of the proof-mass).

Figure 29b shows the performance on the radial axis. The performance is degraded
with respect to the other axes due to the control of the rotation with the same electrodes
that control also the translation:
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- Above 0.1 Hz, due to the increased detector noise, a consequence of the decrease
of the detector gain in order to be able to measure the proof-mass rotation when it
compensates the satellite rotation of the Raman laser beam;

- In the measurement bandwidth, the performance is degraded, first, due to the higher
voltage to be measured, a consequence of the control of the rotation, and second,
due to the increase of the electrostatic stiffness caused by the higher voltage on the
electrodes (impact on the detector noise contribution);

- Below 1 mHz, the thermal sensitivity of the bias is increased due to the thermal
sensitivity of the wire stiffness.

Along-track/Cross-track axis Radial axis

a) b)

Figure 29. (a) HybridSTAR accelerometer performance on the along-track and cross-track axis. (b)
HybridSTAR accelerometer performance on the radial axis.

Note that an improvement of the radial axis performance is feasible by changing the
design of the EA electrodes in a way to separate the angular control of the PM from its linear
control. We can also notice that the levels of noise estimated in Figure 29 are compliant
with the results obtained with the simulator (cf. Figure 21).

3.4.3. Global Hybrid Accelerometer Design

Several architectures could be considered, with more or less complex designs, and
technological risks vs. global performances of the hybrid accelerometer. The more risky
architecture would be the one where the atomic cloud is at the center of gravity of the
proof-mass with a common vacuum chamber, to have the two accelerometers at the center
of gravity of the spacecraft. The main interest is to remove gravity gradient/angular
acceleration effects between the CAI and EA, but this architecture would have a complex
impact on the EA design. This solution would require a dedicated study to analyze its
feasibility. To limit technological risks, the global architecture of the hybrid accelerometer
was designed to allow the nominal work of the EA, regardless of the operation conditions
of the CAI. The center of gravity of the proof-mass and the one of the atomic cloud are at a
distance of a few centimeters, but the EA is completely independent of the CAI.

We present in Figure 30 the global architecture of the hybrid instrument.
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a) b)

Figure 30. (a) Global hybrid instrument architecture. (b) Exploded view of the hybrid architecture.

This architecture is composed of the following sub-assemblies:

- The interface with the spacecraft;
- The EA, fully functionally independent;
- The support of the glass cell of the CAI, with the pumping system and dispenser;
- The support of the optics of atom detectors and the coils for the magnetic field;
- The support of MOT fibers and optics;
- The support of the fiber and optics of the Raman laser;
- The two magnetic shields, at the CAI level and the overall instrument.

All those sub-assemblies are mounted on the spacecraft interface.
The MOT is positioned at 240 mm from the center of gravity of the proof-mass

(217.8 mm to the mirror face PM 44.4 × 44.4 × 44.4 mm). The main structural parts
of the CAI will be manufactured in titanium alloys, as much as possible, for the magnetic
and weight aspects. If necessary for thermal stability, the Invar alloy will be used (as the
EA with magnetic thermal treatment). The spacecraft interface could be manufactured in a
honeycomb sandwich with carbon panel.

3.4.4. SWaP

The elaborated budget for the hybrid instrument is given in Table 6.

Table 6. Size, weight, and power budget for the hybrid instrument. Note that the CAI budget for the
electronics, laser, and microwave system was extrapolated by taking into account the PHARAO’s
flight model budget [87,88].

Physics Package Electronics/Laser/MW Whole Instrument

Size Weight Size Weight Power Size Weight Power

EA 7 L 6 kg 9 L 6 kg 45 W 16 L 12 kg 45 W

CAI 36 L 24 kg 57 L 39 kg 100 W 93 L 63 kg 100 W

Hybrid 43 L 30 kg 66 L 45 kg 145 W 109 L 75 kg 145 W

We reach therefore a total budget of 109 L, 75 kg and 145 W for the hybrid instrument
based on an electrostatic accelerometer and a molasses-based CAI.
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In a more prospective way, the molasses source for the CAI could be upgraded to a
BEC source [17,18,89–93]. In such an approach, the budget of a hybrid instrument was eval-
uated to have a the less favorable SWaP of 156 L, 102 kg, and 245 W (contribution of the EA:
16 L, 12 kg, 45 W), but this should lead to better performances with respect to acceleration
measurements. This is mainly due to a better control of the kinematics of the atomic cloud,
with a position/velocity stability that should be better than ±10 µm/±100 µm/s [25], and
should lead to an expected gain of roughly one order of magnitude regarding accelera-
tion stability.

Note that concerning the potential implementation of a CAI in a satellite, it seems that
the electrical power consumption could constitute a severe limit. One possible mitigation
strategy could be the implementation of an intermittent mode of operation where the CAI
alternates between a standard mode of operation with full power consumption (245 W)
and a standby mode characterized by reduced power consumption (95 W) (cf. Figure 31). A
preliminary analysis has shown under some assumptions (e.g., a CAI limited by the QPN,
a BEC atomic source, T = 2 s, Tc = 6 s, etc.) that the average electrical power consumption
could be lowered to around 110 W considering an effective measurement cycling time of
42 s (n = 7). This mode of operation seems compatible in terms of noise with an objective
of hybridization at a level of 10−10 m.s−2.Hz−1/2 (see Figure 32).

Standby mode Standby mode Standby mode

Prep AI Prep AI Prep AI Prep AI Prep AI

Prep AI Prep AIPrep AI

Figure 31. Temporal sequence describing the intermittent mode. The standard mode (up) allows
acceleration measurements each Tc. In the intermittent mode (bottom), the measurements are now
only each n · Tc. In this example, we take n = 4. In between, the CAI is put in low power consumption
mode (standby mode) allowing lowering the average electrical power consumption.

Figure 32. Evolution of the CAI noise (QPN) due to intermittent operation for an interrogation
time T = 2 s and a cycling time Tc = 6 s in standard mode. The orange, purple, and green curves
correspond, respectively, to an effective measurement cycling time of 6 s (n = 1), 42 s (n = 7), and
402 s (n = 67).

4. Conclusions

In this article, a hybrid accelerometer concept, combining an atom interferometer
and an electrostatic accelerometer, was studied for use in future space gravity missions,
especially in a satellite-to-satellite tracking scenario similar to GRACE, GRACE-FO, or
the future NGGM. To assess the potential of such an instrument, numerical simulations
were conducted to evaluate the associated benefits in terms of gravity retrieval. These
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simulations showed that improved gravity retrieval could be achieved for some threshold
low-frequency atomic instrument performance, but that this beneficial impact vanishes
once temporal variations of the gravity field are taken into account, because of temporal
aliasing effects. Improved de-aliasing models and/or more sophisticated parametrization
schemes that allow for a reduction of temporal aliasing effects (or, preferably, a Bender-
type constellation employing both) are then required in order to maximize the impact of
accelerometer performance gain. The hybrid instrument, allowing a better knowledge of
the scale factor accelerometer, should also lead to relaxation of the drag-free requirements
for the satellite formation.

Some assumptions of the acceleration performance levels were made concerning the
hybrid instrument. To evaluate their validity, a simulator modeling the hybrid sensor was
developed with the objective to estimate ultimately the achievable acceleration performance
of such instrument in-orbit. The hybrid instrument simulator was tested successfully by
reproducing noise characteristics of a hybrid accelerometer prototype operating on the
ground. The detrimental impact of satellite rotation on the CAI contrast was also studied.
While the contrast was completely lost in-orbit when a fixed CAI reference mirror was used,
it was possible to compensate for the orbital rotation with the proof-mass of the electrostatic
accelerometer acting as the reference mirror. In this case, we observed a total recovery of
the interferometric contrast. Although the simulator could give a quite good overview
of the hybrid instrument behavior, it should be further tested and developed to take into
account more effects that could have a significant impact on the final performance of the
accelerometer. For instance, concerning the EA, simulations showing the effects of the EA
transfer function uncertainties and scale factor errors on the acceleration measurements still
need to be performed. A study of a full calibration (bias + scale factor) procedure of the EA
should also be performed and validated with the simulator. Concerning the CAI, the impact
of the position and velocity stability of the atomic cloud should be looked at and some
improvements concerning the CAI model should be made to take into account, for instance,
the double-diffraction processes, the beamsplitter and mirror velocity selection, the laser
beams intensity inhomogeneity, the detection system response, the wavefront aberrations
of the Raman laser, etc. The development of this simulator will be of prime importance in
the future to extrapolate on-ground performance towards space environment.

To further validate the feasibility of such a hybridized configuration, some experi-
mental demonstrations were conducted with a lab hybrid prototype consisting of a cold
atom gravimeter and a dedicated ground electrostatic accelerometer. Acceleration mea-
surements were obtained following a hybridization scheme, highlighting the interest of EA
hybridization with a CAI. The potential of the EA instrument to cancel satellite rotation
impact on the CAI contrast was demonstrated by controlling the electrostatic proof-mass
acting as the CAI reference mirror. Experimental demonstration of rotation compensation
with a 85% efficiency of contrast recovery was performed. Further experimental activities
are necessary to explain the non-complete contrast recovery and to study the impact on
the acceleration error budget. Finally, the ability for the EA to compensate the satellite
rotation and to simultaneously allow a precise acceleration measurement should be studied
experimentally as a next step.

To evaluate the potential of the integration of a hybrid atomic–electrostatic accelerom-
eter in a satellite, a preliminary design was elaborated. The SWaP of such a design was
given along with an associated error budget. All these estimations should be further
consolidated with the elaboration of a more detailed architecture and by addressing in
a more exhaustive way all the effects that could have a detrimental impact on the CAI
output. More particularly, the impact of wavefront aberrations and methods for satellite
rotation compensation should be further analyzed, whether with simulation tools or with
experimental demonstrations. Considering a CAI based on a molasses source, a hybrid
instrument of 109 L, 75 kg and 145 W should be feasible with a level of performance in the
range of 10−10 m·s−2, the impact of wavefront aberrations assumed here mitigated. This
reported study constitutes a preliminary analysis of an original accelerometer design for
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future space gravity missions. This configuration based on the emerging cold atom technol-
ogy seems promising for performance improvements and requires further investigations
thanks to simulations or experimental activities to consolidate all the potential envisioned
for this technology.
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Abbreviations
The following abbreviations are used in this manuscript:

ADC Analog-to-digital converter
AOCS Attitude and orbit control system
AOHIS Atmosphere ocean hydrology ice solid earth
ASD Amplitude spectral density
BEC Bose–Einstein condensate
CAI Cold atom interferometer
CF Corner frequency
COM Center of mass
DVA Drive voltage amplifier
EA Electrostatic accelerometer
ESA European Space Agency
IAPG Institute of Astronomical and Physical Geodesy
ICU Interface and control unit
ISS International Space Station
LOS Line-of-sight
LRI Laser ranging interferometer
LSA Less-sensitive axis
MBW Measurement bandwidth
MOT Magneto-optical trap
NGGM Next Generation Gravity Mission
PIP Passive isolation platform
PM Proof-mass
PSD Power spectral density
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QPN Quantum projection noise
QSG Quantum spaceborne gravimetry
RMS Root mean square
SH Spherical harmonics
SST-LL Low–low satellite-to-satellite tracking
ULE Ultra-low expansion glass
USA Ultra-sensitive axis
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