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Abstract

The present electrostatic accelerometers (EA) drift at low frequencies. To address this problem, integrating a cold atom interferometry
(CAI) accelerometer could be beneficial, as it offers the potential for superior long-term stability. The CAl-based accelerometers (CAI
ACC) are accurate and stable, but they have some issues with long dead times and a relatively small dynamic range. A way to address
these problems is to combine a CAI ACC with an EA in a hybrid configuration. Using CAI ACC in an upcoming satellite gradiometry
mission can give stable and accurate measurements of the static Earth’s gravity field. Three scenarios have been considered in this study:
first, a realistic scenario involving current-generation and realistic hybrid accelerometers; second, a semi-realistic scenario with the same
accelerometers and an accurate gyroscope; and third, using highly accurate hybrid/CAI accelerometers with an optimistic gyroscope.
One significant aspect was on detecting temporal gravity changes, which cannot compare to the effectiveness of the low-low satellite-
to-satellite tracking (LLSST) principle. But, quantum gradiometers can significantly enhance solutions for the static gravity field, pro-
vided one has accurate observations of the satellite orientation available.
© 2024 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Next generation gravity mission

1. Introduction

Specialized satellite gravimetry missions like GOCE
(Gravity Field and steady-state Ocean Circulation
Explorer) (Drinkwater et al., 2003), GRACE (Gravity
Recovery and Climate Experiment) and GRACE-FO
(Tapley et al.,, 2004; Flechtner et al., 2017; Kornfeld
et al., 2019) offer distinctive datasets regarding the static
and time variable gravity field of the Earth across different
spatiotemporal scales. Nevertheless, in light of the remark-
able results from these missions, a ubiquitous constraint
emerged at the instrument level. One of the limiting factors
is the noise behavior of the EA used in these satellite
gravimetry missions. Accelerometers are important tools
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for studying gravity from space. They help distinguish
gravitational forces from other forces like atmospheric
drag and solar radiation pressure.

Current satellite missions employ EAs, known for their
minimal noise levels at medium-high frequencies. Never-
theless, these accelerometers exhibit certain limitations,
including low-frequency drift and challenges in accurately
estimating time variable biases and scale factors. To miti-
gate the limitations of EAs, multiple innovative concepts
and novel technologies have been introduced.

The CALI offers a promising solution to these challenges.
CAI employs a cloud of independent cold atoms as the test
mass within an atom interferometer. The key advantage of
atom interferometry accelerometers lies in their remarkable
long-term stability and the precise scale factor determina-
tion, which relies on the frequency stability of the laser
system.
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In the context of CAI accelerometery, the determination
of an unknown acceleration is achieved by analysing the
phase shift between two interfering atomic states within
an atom cloud. This phase shift occurs subsequent to the
manipulation of the atom cloud using pulses from two
counter-propagating laser beams (Meister et al., 2022;
Léveque et al., 2022; Antoine and Bordé, 2003). Simulation
studies, exemplified by the works of Abrykosov et al.
(2019), Migliaccio et al. (2023) and Miiller and Wu
(2020), demonstrate substantial potential enhancements
in gravity field recovery through the utilization of CAI

Nonetheless, employing a standalone CAI ACC as an
instrument carries inherent limitations, primarily associ-
ated with extended interrogation times during which tran-
sient short-term non-gravitational or gravitational forces
remain unobservable. A potential solution to this issue
involves the concept of hybridization, where the idea is to
integrate an EA, renowned for its high-frequency domain
measurement capabilities, with the highly precise CAI
ACC providing long-term stability. Such a hybrid sensor
represents a fusion of a CAI ACC and an EA. This
approach has been explored in a few studies (e.g. Zahzam
et al., 2022), which investigate hybrid sensors and various
methods of hybridization.

Douch et al. (2018) investigates the performance of a
CALI gradiometer for satellite gravity field measurements.
Through closed-loop numerical simulations, the study
shows that a CAI gradiometer, particularly in the quasi-
inertial mode, can significantly outperform missions like
GOCE, provided it meets stringent technical requirements.
The study concludes that such a CAI gradiometer mission
could offer improved precision in gravity field recovery,
highlighting the potential of this technology for future
satellite missions.

The recently initiated CARIOQA-PMP (Cold Atom
Rubidium Interferometer in Orbit for Quantum
Accelerometery — Pathfinder Mission Preparation; funded
by the European Union') has set its sights on elevating
the Technology Readiness Level and laying the ground-
work for a Quantum Pathfinder Mission in space gravime-
try by the year 2030 (Léveque et al., 2022). The aim of
CARIOQA-PMP is to develop an engineering model of a
quantum accelerometer, advancing key technologies, and
conducting a scientific study to explore the potential appli-
cations of quantum sensors for determining Earth’s gravity
field from space. Additionally, the project seeks to define
the corresponding requirements for the sensor technology
and for an improved future satellite mission. The study
examines the various scenarios of a pure quantum gravime-
try mission or a mission that uses quantum and classical
sensors in a hybrid manner.

The focus of study is on using CAI technology in a satel-
lite gradiometry mission. The study first identifies suitable
quantum sensors for observing the Earth’s gravitational
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field and describes the corresponding error characteristics.
To accomplish this, the paper is organized in the following
manner: The properties of EA and CAI ACC are presented
in the second section. The third section is related to the
closed-loop simulation. The results of simulation studies
are summarized in the fourth section. Eventually, the main
conclusions of this study are provided in the fifth section.

2. Performance of sensors
2.1. Electrostatic accelerometers

In current satellite gravimetry missions, a challenge
arises due to the drift of the EA, contributing notable
errors, especially at lower frequencies (Christophe et al.,
2015; Kupriyanov et al., 2024). In this study, we focus on
two EAs that are more accurate and high technology
included. One of them pertains to the encouraging out-
comes achieved by the LISA Pathfinder (LPF) mission
(Armano et al., 2018). The favourable results obtained
from the Gravitational Reference Sensor (GRS) during
the LISA-Pathfinder mission have stimulated several inves-
tigations assessing the performance of a simplified Gravita-
tional Reference Sensor (SGRS) for low Earth orbits
(Dévila Alvarez et al., 2022). Unlike EAs, which detect
the displacement of the test mass (TM) using capacitance
and apply electrostatic force, optical accelerometers track
the test mass by utilizing laser interferometry. Another
EA is related to the the French aerospace lab ONERA
(Dalin et al., 2020) that designed and built the accelerome-
ters for satellite missions GRACE, GOCE and GRACE-
FO.

2.1.1. SGRS (simplified gravitational reference sensor)

The EA of GRACE-FO, the current satellite gravimetry
mission, is a significant error source in the measurement
process. Previous studies (e.g. Purkhauser and Pail, 2020)
have demonstrated its insufficiency for multi-pair satellite
configurations at lower altitudes, thereby constraining the
accuracy of the Earth’s gravity field recovery.

SGRS (Davila Alvarez et al., 2022) presents a techno-
logical approach to enhance the measurement of non-
gravitational accelerations in GRACE-like missions and
differential gravitational accelerations in GOCE-like mis-
sions to a satisfactory level suitable for satellite gravimetry.
The design of the SGRS is a follow up of promising perfor-
mance of the LPF (GRS), which acts as a precision inertial
sensor (Dolesi et al., 2003; Armano et al., 2018). The
SGRS, being a scaled-down version of the LPF GRS, fea-
tures reduced mass and complexity while being optimized
for enhanced performance in upcoming satellite gravimetry
missions (Davila Alvarez et al., 2022).

Regarding to the most important forces in satellite
gravimetry missions, a model for acceleration noise in the
SGRS has been formulated, considering two operational
scenarios: non-drag-compensated at an orbit altitude of
500 km (comparable to GRACE and GRACE-FO):
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These scenarios represent the optimal realistic opera-
tional conditions concerning gravity recovery sensitivity
(Davila Alvarez et al., 2022).

Expected to perform better than the GRACE-FO
accelerometers when arranged in a polar pair configuration,
the SGRS shows promising potential for reducing accelera-
tion noise. If the sensor would be operated on a drag-
compensated platform (which is considered here in our gra-
diometry concept/scenario), its performance would further
improve (Dévila Alvarez et al., 2022). For better under-
standing of the significance of the SGRS, we compare it
with the LISA-based accelerometer (Armano et al., 2018):

SHf)=10""" ms? Hz? x {3 x 10%%]

3)

Fig. 1 shows a comparison of the amplitude spectral
density (ASD) of the aforementioned accelerometers. The
effect of the drag-free system is obvious in comparison of
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the SGRS EA with and without drag-free system. Most
of this effect is concentrated at the low-frequency part.
Another important point is related to the capacitive sensing
contribution noise in SGRS accelerometers. The effect of
this source noise appears in the high frequency part
(Josselin et al., 1999; Ddvila Alvarez et al., 2022).

2.1.2. H-STAR

The most accurate accelerometers for space applications
currently available are the EA developed by the French
aerospace lab ONERA. These accelerometers possess the
capability to measure spacecraft non-gravitational acceler-

ation to approximately 10’“3_2 /’\”/E within the frequency

range of about 1 mHz-1 Hz (Touboul et al., 2016).

One of the EA under investigation in this research,
referred to as the H-STAR accelerometer, is ingeniously
engineered, featuring a disruptive mechanical design that
permits the use of a compact 30 x 30 x 30 mm® proof-
mass while maintaining an exceptional performance across
all three axes. Dalin et al. (2020) introduced this new EA
accelerometer with the following ASD:
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Fig. 1 shows the error behaviour of this accelerometer.
This H-STAR accelerometer has a drift in low frequencies
and an excellent performance is in the high frequency part.
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Fig. 1. Amplitude spectral densities (ASDs) in terms of acceleration noise for different classical EA and LISA.
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The error ASD is the summation of different error sources
for this accelerometer. Fig. 1 shows the H-STAR EA has
the best performance in high frequency part compared to
the SGRS ACCs, and a weaker performance in the low fre-
quency part.

2.2. CAI accelerometers

The CAI employs atom clouds as test masses within an
interferometer, implemented through a series of three pre-
cise laser pulses which serve as both beam splitters and mir-
rors. Laser pulses, administered with a time interval
denoted as 7, are employed to separate and to reunite
the atoms, inducing distinct momentum states in accor-
dance with the superposition principle (Pereira dos
Santos and Landragin, 2007; Schilling et al., 2012).

The error behavior of a CAI ACC depends on different
parameters (Meister et al.,, 2022; Knabe et al.,, 2022;
Léveque et al., 2022) but here we focus on two different
white noise levels of CAI ACC. A CAI ACC with noise

level of 107" 3 /m/E (CAI 11) represents a state-of-the-art

device (i.e. a theoretical device based on current technology
in terrestrial gravimetry or laboratory experiments) in the
following called ‘“‘realistic CAI ACC”. We can also con-

sider a CAI ACC with noise level of 107" = (CAL 12)
as a “future CAI ACC”.

2.3. Hybrid accelerometers

The EA exhibits established short-term sensitivity and a
demonstrated flight heritage, while CAI ACC offers time-
invariant measurement stability and absolute measure-
ments, making calibration processes unnecessary. These
technologies appear highly complementary, and a hybrid
accelerometer combining their strengths presents novel
opportunities for space-based inertial measurements. The
chosen way for simulating a hybrid Accelerometer (ACC)
is the combination in the frequency domain.

2.3.1. Hybrid accelerometers with CAI 11

Fig. 2 illustrates the hybridization of EAs and the actual
CALI 11, which is the realistic CAI ACC.

In delineating our methodology, the determination of a
cut-off frequency assumes significance, defining the propor-
tional contributions of EA and CAI ACC in the hybrid
ACC. Optimal cut-off frequency selection involves consid-
ering the intersection of the ASD of EA and CAI ACC. In
Fig. 2(a), the combination of H-STAR and CAI 11 is illus-
trated, showcasing the eclimination of H-STAR drift
through hybridization. An additional advantage is given
in the high-frequency domain, leveraging the high-
accuracy characteristics of H-STAR. The contributions of
H-STAR and CAI 11 are nearly equal in this hybridization.
In Fig. 2(b), the fusion of a SGRS EA and CAI 11 is
depicted. As discussed in Section 2.1.1, SGRS encompasses
a capacitive sensing error in the very high-frequency range,
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distinguishable from the H-STAR EA. Unlike the prior
hybridization, the low-frequency behaviour of SGRS is
deemed suitable, while the high-frequency segment poses
a challenge. In this scenario, we endeavour to integrate
SGRS in the high-frequency domain using CAI 11. Dual
cut-off frequencies are used—one in the low-frequency
range (with minimal impact) and another in the high-
frequency range, mitigating the capacitive sensing error
of SGRS. Notably, the contribution of SGRS surpasses
that of CAI 11 in the final hybrid configuration.

2.3.2. Hybrid accelerometers with CAI 12

Here, we look at the future hybridization by using CAI
12.

Fig. 3(a) shows the combination of H-STAR and CAI
12 with one cut-off frequency. This hybridization decreases
the contribution of H-STAR with respect to the CAI 12
and indeed the H-STAR does not have any significant con-
tribution with respect to the CAI 12 only here.

Fig. 3(b) shows the combination of SGRS and CAI 12.
Similar to the realistic hybridization, we use two cut-off fre-
quencies. The SGRS contribution is now reduced in the low
and high frequency parts. The only relevant contribution of
SGRS in this hybridization is the medium frequency part.

2.4. Gyroscopes

The GOCE mission was capable of measuring both
diagonal and non-diagonal components through a three-
dimensional gradiometer. Given the presence of non-
diagonal components in the GOCE observations, it is pos-
sible to reconstruct and enhance the attitude data, as
demonstrated by Siemes (2018). Considering the opera-
tional intricacies of CAI ACC, we assume having a single
sensitive axis in the first space realisation. In our study,
we exclusively utilize the diagonal components of the gra-
diometry tensor. This then requires an alternative
approach to measure the gradiometer attitude and the
angular velocities (Stummer et al., 2011; Siemes, 2018). In
this context, we examine two distinct gyroscopes character-
ized by varying noise levels. The first one has a white-noise

level of 1078 . /’\“/‘;E that this is for a fibre optic gyroscope,

ASTRIX200”in terms of angular velocity that we call real-
istic gyroscope (R Gyro). The other one is a CAl-based
gyroscope and has different noise levels depending on the
interrogation time of the atoms in the interferometry. This
represents the future gyroscope with a white-noise level

close to 107 s/’\"/‘% (Savoie et al., 2018).

2.5. Gradiometer

In space gravimetry missions, a gradiometer setup typi-
cally involves placing two or more accelerometers inside a

2 https://www.airbus.com/.


https://www.airbus.com/

M. Romeshkani et al.

Advances in Space Research xxx (Xxxx) xxx

108 T I T 10° T T A |
-+ Te} N
b |——ASD H-STAR i — :
I& | ASD H-STAR + CAI 11 & ASD SGRS <
™ _ o ——ASD SGRS + CAl 11 -
9l | u |= =cut-off freq = 3.5e-4 1~ I
10 & 4ol m  |= =cutofffreq = 1.25e-5 e
12 10 8 |=_-cutoff freq = 1.7e-2 12
g ol 1S g %
2 13 3
o 1 o 107
£ 101" £
£ £ | l
I L |
10712} | 1 1
1 | |
10713 : e : 1013 ‘ . .-
10 10° 102 107 10 10° 10 107
Frequency [Hz] Frequency [Hz]
(a) (b)
Fig. 2. ASD of hybrid accelerometer noise, H-STAR + CAI 11 (a) and SGRS + CAI 11 (b).
-8 . 10°° — :
10 , @ ——— ASD SGRS
——ASDH-STAR 12 ASD SGRS + CAI 12
ASD H-STAR + CAl 12| & = = cut-off freq = 2.1e-4
109 b= =cutofffreq=24e3 | I n = =cutofffreq = 43e-3
o 10»10 L
12
— i —
B 10710} | i3 <
N l S N
T L
10
& | (\"u:
(5]
g0} I E I
! 10712 :
10’12 I AN 1 |
| | 1
1013 H I | ) 1013 - i )
10 10 102 107" 107 107 1072 107"
Frequency [HZz] Frequency [Hz]
(a) (b)

Fig. 3. ASD of hybrid accelerometers, H-STAR + CAI 12 (a) and SGRS + CAI 12 (b).

spacecraft. These accelerometers are positioned to measure
the varying differential accelerations between them along
different directions. For instance, in the GOCE mission,
the gradiometer comprised three pairs of accelerometers
set up orthogonally. Each pair had two accelerometers
aligned along the same axis. This setup enables the gra-
diometer to measure changes in gravitational acceleration
along three perpendicular axes at the same time.

In our study, we use a gradiometer setup similar to the
one used in GOCE, keeping the same distance and config-
uration between the accelerometers, but replacing the elec-
trostatic accelerometer (EA) with a hybrid accelerometer.
The major difference is the use of 1D accelerometers in
our gradiometer. The positioning of the CAI ACC relative
to the EA plays a crucial role in determining the achievable
sensitivity for the hybrid ACC. The CAI ACC can be

placed in front of the EA along the along-track axis, on
top of the EA along the radial axis, or next to the EA along
the cross-track axis of the satellite. According to
HosseiniArani et al. (2024), the last configuration has sig-
nificant advantages over the other two possible placements
for SST missions, as then the big angular velocity about the
cross-track axis in Earth-pointing mode has a largely
reduced effect. However, in a gradiometry constellation,
the placement of the CAI ACC relative to the EA has been
determined based on the direction of the desired sensitivity
axis. Fig. 4 illustrates the gradiometer and the hybrid
ACCs as a cube. Regarding to the sensitivity axis of the
hybrid ACCs, we focus on the diagonal components of
the Marussi tensor (Zund, 1994; Torge and Miiller, 2023)
due to operational constraints of the selected
accelerometers.
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Fig. 4. 3D gradiometer formed by the combination of 1D hybrid accelerometers.

3. Closed-loop simulation

Our simulations spanned two months, with data col-
lected at 5-second sampling rate. Although a polar orbit
is considered the best for recovering gravity fields from
satellite missions, we opted for a GOCE-like orbit with a
96.7° inclination and 250 km altitude to make a fair com-
parison with GOCE, the reference for gradiometry. Fig. 5
illustrates the flowchart of forward and backward model-
ing through closed-loop simulations.

For forward modeling and in order to simulate the true
world, we used the GOCOO05s model as the reference for
Earth’s gravity field. To consider time variability, We
introduced non-tidal time-variable gravity components
(i.e., AOHIS components from the ESA Earth System
Model, ESM, Dobslaw et al., 2015) and excluded tidal
components in this analysis. Both static and time-variable
components of the gravity field were expanded up to the
spherical harmonic degree/order of 180 in this study.
Instrument noise, gradiometer noise (ASGG), and attitude
noise (AATT) are introduced in the simulation process,
affecting the accuracy and precision of the collected gra-
diometry data. These noise sources are combined to pro-
duce the noisy data (NSGG), which represents the actual
data obtained from the satellite under real-world
conditions.

In backward modeling, we employed a common least-
squares (LS) adjustment approach to recover the gravity
field. This involved using a static spherical-harmonic
parametrization. Due to the vast number of observations
and numerous unknowns, creating and inverting the nor-
mal matrix pose significant numerical challenges. The
unknown parameters were determined by inverting the
normal matrix, commonly known as the “brute-force”
approach (Roth et al., 2012), which also provides informa-
tion about variances and covariances of the estimated
parameters. The maximum spherical harmonic degree in

the normal equations matches that of the simulated data.
Therefore, in the presented simulation results the impact
of possible spectral leakage is not taken into account.

4. Mission scenarios and simulation results

Taking into account the different noise levels of CAI
ACCs and the utilization of various gyroscopes in the gra-
diometry concept, we defined three categories: realistic,
semi-realistic and future.

4.1. Realistic category (Realistic hybrid ACCs and Realistic
Gyro)

The first group involves hybrid accelerometers that com-
bine EAs (SGRS and H-STAR) with CAI 11. This cate-
gory uses a realistic gyroscope and a realistic hybrid
ACC. It includes: (a) SGRS + CAI 11 + Realistic Gyro,
(b) H-STAR + CAI 11 + Realistic Gyro, and (c) CAI 11
only + Realistic Gyro. Fig. 6(a) shows the comparable
view of these cases on degree variances.

4.2. Semi-realistic category (Realistic hybrid ACCs and
Future Gyro)

The second group combines a realistic hybrid
accelerometer with a future gyroscope. The realistic hybrid
ACC merges EAs with CAI 11. Due to the expected lower
noise of this CAl-based gyroscope, we call this category the
semi-realistic category. It consists of: (a) SGRS + CAI
11 + CAI Gyro, (b) H-STAR + CAI 11 + CAI Gyro,
and (¢) CAI 11 only + CAI Gyro. The only difference
between this category and the realistic category is the type
of gyroscope used.

Fig. 6(b) shows the difference in the simulation results
between the cases of this category and highlights the
advantage of having EAs compared to the scenario with



M. Romeshkani et al.

[

true grav. model.

EGM

W

ref. grav. model.

Normal field

J o

Advances in Space Research xxx (xxxx) xxx

—[ Brute-force approach ]7

Least squares
M adjustment Recovered
Satellite Gravity Noisy data by
R NSGG Ax = (A'PA)"'A'P.NSGG
SGG

Instrument
noise

Attitude noise

AATT

Gradiometer noise

ASGG

Fig. 5. Flowchart of closed-loop simulation in the gradiometry concept.
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Fig. 6. Performance of the gradiometry concept in the realistic category (a), in the semi-realistic category (b) and with the use of an accurate gyroscope (c).

CAI only. When comparing the realistic and semi-realistic
categories, the advantage of having an accurate gyroscope
becomes evident in comparison with using a realistic gyro-
scope. This advantage is shown in Fig. 6(c), which com-

pares two combinations: “H-STAR + CAI 11 + CAI
Gyro” and “H-STAR + CAI 11 + R Gyro.” A minimum
one-order improvement is obtained, particularly at higher
degree/order.
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Fig. 7. The future category and their simulation in the gradiometry concept (a), the impact of the CAI ACC noise level combined with H-STAR (b), the
impact of CAI ACC noise level combined with SGRS(c), and the realistic case with respect to a future case (d).

4.3. Future category ( Future hybrid ACCs and Future Gyro)

The third group involves entirely futuristic scenarios,
combining a future hybrid accelerometer with a future
gyroscope. In this new hybrid ACC, EAs are combined
with CAI 12, setting it apart from the previous categories.
Due to the anticipated reduction in noise in the hybrid
accelerometer and the use of a CAl-based gyroscope, we
refer to this category as the future category. It includes:
(a) SGRS + CAI 12 + CAI Gyro, (b) H-STAR + CAI
12 + CAI Gyro, and (c) CAI 12 only + CAI Gyro.
Fig. 6(a) demonstrates the results for this category, show-
ing equal behavior for all three cases. The reason for this
can be understood from Fig. 3, where the a similar ASD
noise for the hybrid cases is evident which closely matches
CAI 12 after the hybridization process. Here, it appears
that the hybridization process does not enhance the

accuracy of gravity field recovery compared to using the
future CAI alone.

Comparing the semi-realistic and future categories,
shows that the future CAI ACC influences the hybrid
accelerometers. Fig. 7(b) shows how the CAI ACC impacts
the hybrid accelerometer when combined with H-STAR.
This effect is noticeable at lower degree/order. The reason
can be understood by comparison of Figs. 2(a) and 3(a).
The ASD of hybrid accelerometers is similar in the high-
frequency part but differs in the low-frequency part. This
leads to a bigger improvement in the case of “H-
STAR + CAI 12 + CAI Gyro” at lower degree/order, fol-
lowed by similar results at higher degree/order.

Fig. 7(c) shows results when using the SGRS as EA in
hybrid accelerometers. Unlike the previous case, the
improvement occurs at higher degree/order. The explana-
tion can be found by comparing of Figs. 2(b) and 3(b).
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The main difference in the ASD of the hybrid cases is in the
high-frequency part, leading to the improvement in the
“SGRS + CAI 12 + CAI Gyro” case.

To better understand the impact of having an accurate
CAI ACC and gyroscope, we compare a case from the real-
istic category with its counterpart from the future category.
Fig. 7(d) illustrates this comparison, showing at least a
two-order improvement between the realistic and future
categories. This improvement is a result of both the impact
of CAI 12 and the CAI Gyro.

4.4. Recovery and cumulative error

Determining the maximum resolvable degree/order in a
satellite gravimetry mission is crucial for addressing static
gravity field determination. We computed the resolvable
maximum degree/order from a future category because
its performance, and compare it with GOCE (Fig. 8).
The recoverable static gravity field, can be obtained up to
degree/order 263 using simulated data and system equa-
tions until D/O 280 in three months. In this section, we
adjusted the maximum D/O alongside the time span of
the simulation data to account for the maximum recover-
able D/O. The GOCE-like setup consists of six 3D electro-
static accelerometers, each with an error level
approximately five times lower (i.e., more precise) than
the original design (see Touboul et al., 2016).

A good way to compare different cases is via the cumu-
lative error in terms of the geoid. Fig. 9 shows this compar-
ison between the different cases in each category.

In the realistic category, the cumulative error for the
hybrid cases is better than GOCE up to a degree/order of
125, but after that, GOCE performs better. This indicates
that hybrid accelerometers without accurate attitude obser-
vation are not useful in the gradiometry concept. However,
when an accurate gyroscope is added to the hybrid
accelerometers, the results change entirely, as shown in
the graph for the semi-realistic category. All three cases
in this category perform better than GOCE. When we com-
pare the different cases in this category, it becomes clear
how the adding of EA (SGRS and H-STAR) to hybrid
accelerometers impacts the cumulative geoid error. The
worst case is “CAI 11 only + CAI Gyro,” i.e. without
the contribution of an EA. However, the cumulative error
decreases when an EA is included forming hybrid
accelerometers. The case “H-STAR + CAI 11 + CAI
Gyro” is better than “SGRS + CAI 11 + CAI Gyro” at
higher degree/order. The reason for this is that H-STAR
performs better than SGRS, especially considering the
capacitive sensing of SGRS EA. When we use SGRS as
EA in hybrid accelerometers, we have a lower cumulative
error in determining the geoid at lower degree/order. This
is because SGRS EAs perform better than H-STAR in
the low-frequency part.
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The biggest improvement is obtained in the third cate-
gory and future cases. The influence of EAs is evident in
the recovery results, and all three cases in this category
appear similar. However, the key difference is caused by
including EAs or not.

4.5. Time-variable gravity field

Furthermore, we investigated the potential for capturing
time-variable gravity signals using the future satellite gra-
diometry concept. The studied scenarios from future cate-
gory are: (a) H-STAR + CAI 12 + CAI Gyro, (b)
SGRS + CAI 12 + CAI Gyro, (c) only CAI 12 + CAI
Gyro, and (d) H-STAR + CAI 12. The inclusion of the last
scenario, excluding any gyroscope noise, aims to demon-
strate the specific impact of the gyroscope accuracy on
determining temporal variations. Fig. 10 displays the corre-
sponding simulation results with comparison to the
monthly AOHIS model. A comparison between the cases

“H-STAR + CAI 12 + CAIlI Gyro” and “H-
STAR + CAI 12” highlights the significant influence of
the gyroscope noise. Without gyroscope noise, temporal
variations can be observed up to degree/order 35. How-
ever, the presence of gyroscope noise makes the retrieval
of time-variable gravity signals nearly impossible. To facil-
itate a comparison between the SST and gradiometry con-
cepts, a solution based on simulated GFO data (Zingerle
et al., 2024) has been added to the graph.

5. Conclusions

In this study, we explored the potential impact of quan-
tum accelerometers on the future satellite gravity gradiom-
etry (SGG) mission concept. Closed-loop simulations were
run to quantify the advantages of advanced instruments,
specifically hybrid accelerometers and subsequently gra-
diometers, in comparison to classical electrostatic sensors.
The results suggest that enhanced accelerometers/gra-
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Fig. 10. Retrieved of time-variable gravity signals in terms of equivalent water height (EWH).

diometers can improve the determination of the gravity
gradient compared to the GOCE mission. However, due
to operational constraints of CAI ACC, one may only have
one sensitive axis. Accurate knowledge of the satellite’s
attitude would necessitate the use of additional instru-
ments, such as a precise gyroscope. Currently, the available
attitude sensors are not sensitive enough to take full advan-
tage of the potential improvements of future gradiometers.
We assumed the future gyroscope (CAI gyroscope) as a
new instrument to measure attitude data. Even with this,
the expected sensitivity of future (CAI) gradiometers is
not high enough to outperform SST missions in recovering
the time-variable part of Earth’s gravity field. Nevertheless,
CAI SGG instruments have lower noise than the GOCE
gradiometer, potentially allowing to determine a more
accurate high-resolution static gravity field.
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