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Abstract: The Next Generation Gravity Mission (NGGM), currently in a feasibility study phase as
a candidate Mission of Opportunity for ESA-NASA cooperation in the frame of the Mass Change
and Geo-Sciences International Constellation (MAGIC), is designed to monitor mass transport in the
Earth system by its variable gravity signature with increased spatial and temporal resolution. The
NGGM will be composed by a constellation of two pairs of satellites, each providing the measurement
of two quantities from which the map of Earth’s gravity field will be obtained: the variation of the
distance between two satellites of each pair, measured by a laser interferometer with nanometer
precision; and the relative non-gravitational acceleration between the centers of mass of each satellite
pair, measured by ultra-sensitive accelerometers. This article highlights the importance of the second
“observable” in the reconstruction of the lower harmonics of Earth’s gravity field, by highlighting the
tight control requirements in linear and angular accelerations and angular rates, and the expectable
performances from the drag-free, attitude, and orbit control system (DFAOCS) obtained through an
end-to-end (E2E) simulator. The errors resulting from different mission scenarios with varying levels
of drag-free control and pointing accuracy are then presented, demonstrating that a high-performance
accelerometer alone is not sufficient to achieve the measurement quality necessary to achieve the
mission objectives, if the spacecraft does not provide to this sensor a suitable drag-free environment
and a precise and stable pointing. The consequences of these different mission scenarios on the
gravity field retrieval accuracy, especially for the lower spherical harmonic degrees, are computed in
order to quantitatively justify the rationale for these capabilities on the NGGM spacecraft.

Keywords: gravity field recovery; satellite-to-satellite tracking; non-gravitational acceleration mea-
surement; drag-free control

1. Introduction

All geophysical phenomena involving mass displacements (such as hydrological
cycles, floods, drying of water reserves, glaciers melting, tectonic movements) can be
“observed” through the variation they induce in Earth’s gravity field. Monitoring these
phenomena on a global scale and over a long period provides essential information to study
climate change evolution, manage natural resources, preserve ecosystems, and prevent
and contain natural hazards [1], and space missions are the most appropriate means to
perform this task. The use of satellites for Earth’s gravity field determination dates back to
the launch of the first Sputnik in 1957, while the idea of using tracking between spacecraft
for gravimetry was spelled out already in 1960 [2], becoming more concrete in 1969 [3].
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From 2002 to 2017, the Gravity Recovery And Climate Experiment (GRACE) Mis-
sion [4] produced monthly maps of Earth’s gravity field; a service that since 2018 is carried
out by the GRACE-Follow On (GFO) Mission [5]. In both missions, a pair of satellites flying
at a mean relative distance of 220 km on a circular low-Earth orbit (initially at 500 km
altitude) with near-polar inclination “observes” the gravitational potential through its effect
on the variation of the satellite-to-satellite distance (measured by a dual-band microwave
24-23 GHz ranging instrument), “cleaned” from the contribution of the non-gravitational
forces (measured by very sensitive accelerometers). GRACE satellites were mostly left
to decay under the action of the atmospheric drag down to about 320 km at the end of
the extended mission’s lifetime, with the consequence that the ground track pattern was
changing continuously. The GFO satellites [5] were launched in May 2018 and are meant to
continue the GRACE time series for at least five years. The satellite design is inherited from
GRACE but includes a laser ranging interferometer (LRI) as a technology demonstration of
a more precise ranging capability.

In parallel to the GRACE Mission, the European Space Agency launched its first
Earth Explorer satellite for gravimetry in 2009: the Gravity Field and Steady-State Ocean
Circulation Explorer (GOCE) [6]. Unlike GRACE and GFO (aimed at the long-term mon-
itoring of Earth’s gravity variations at coarse spatial, from 500 to 300 km, and temporal,
1 month, resolution), the GOCE Mission objectives were to measure Earth’s static gravity
field and model the geoid with unprecedented accuracy and spatial resolution. The GOCE
satellite was orbiting from 2009 to 2013 at a mean altitude of 255 km (nominal mission)
and 225 km (extended mission) in the drag-free mode. The measurement instrument was
a gravity gradiometer, consisting of six ultra-precise accelerometers, complemented by a
dual-frequency GPS receiver. The measurements of these instruments were used to derive
gravity gradients and precise orbits, which were transformed into a gravity map of Earth
with a mean global accuracy of 2 cm on geoid heights and 0.5 mGal on gravity anomalies,
at 100 km spatial resolution [7]. The low controlled altitude, the drag compensation control
(so-called “drag-free”), and the accurate angular accelerations measured as a by-product of
the gradiometer payload were all instrumental in GOCE’s outstanding result. The GOCE
Mission’s concept and technology have been enabling for the ultra-sensitive payload for
the Microscope Mission, and have paved the way to the future NGGM [8], as explained
later on.

Soon after the selection of GOCE as its first Earth Explorer (1999), the ESA started
preparatory studies towards the NGGM. Since the mid-2000s, these studies have focused
on a mission concept devoted to the sustained observation and quantification of mass
transport processes in the Earth system, encompassing AOHIS (atmosphere, ocean, hy-
drology, ice, solid-earth), over a decade-long time span. Preferred mission concepts fitting
the defined programmatic boundary conditions were identified in the “Assessment of a
Next Generation Gravity Mission to Monitor the Variations of the Earth’s Gravity Field”
and studied with prioritized science requirements and detailed system designs. These
activities received precious inputs from the in-flight lessons learnt from the GOCE and
GRACE missions [9]. The scientific studies aimed at complementing the technology studies,
consolidating the science requirements, and focusing on the optimization of the satellite
constellation, and advancing the gravity field retrieval algorithms. Notably, the science
studies [10,11] produced a detailed assessment of the impact on the gravity field solutions
of ocean tide aliasing, which was found to cause larger errors than non-tidal signals, and
developed ocean tide mitigation strategies to be applied in post-processing.

To prepare the technology required for the NGGM concept, several complementary
studies were initiated within the former Technology Research Programme (TRP), covering
attitude and drag-free control aspects [12], electric propulsion elements (miniaturized
radiofrequency ion thrusters [13] and indium-fed micro-thrusters [14]), breadboarding of
a high-stability laser [15] with fiber amplifier, and a frequency stabilization unit for the
interferometric measurements of the inter-satellite distance variation.
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The focus of the ESA’s architectural (pre-Phase A) studies was the optimal combination
of the orbit and the mission lifetime, being a design driver for the satellite system. As
for all gravity missions, the orbit shall be as low as possible, while the mission lifetime
was intended to cover a full solar cycle, i.e., 11 years. The technical solution to this set of
requirements was found in developing a sophisticated attitude and orbit control system
that is based on electric propulsion, where eight smaller ion thrusters (baselined given
the higher gridded ion engine maturity), supported by three magnetic torquers, control
the attitude of the satellites, and one larger ion thruster compensates for the effect of drag
in the along-track direction [16]. Concerning the laser ranging instrument, two options
were investigated in Nicklaus et al. [17]: an optical transponder and a retroreflector scheme.
The transponder scheme is very similar to the laser ranging instrument (LRI) of the GFO
mission, where a laser beam, generated on one satellite, is received by the other satellite,
which regenerates the laser with its own laser source and retransmits the laser beam back to
the first satellite. In contrast, in the retroreflector scheme, a heterodyne laser interferometer
transmits a laser beam from one satellite, which is passively reflected by the other satellite.
At the time of writing, the transponder scheme is baselined in the feasibility studies of the
NGGM Phase A studies.

On the basis of the objectives and requirements expressed by the International Union of
Geodesy and Geophysics (IUGG) [1], the NASA /ESA Interagency Gravity Science Working
Group (IGSWG) [18], the US Decadal Survey for Earth Science and Applications from Space
(DS) [19], ESA, and NASA are jointly coordinating the Phase A studies of the Mass Change
Designed Observable (MCDO) and the Next Generation Gravity Mission (NGGM) within
the Mass Change And Geosciences International Constellation (MAGIC).

The paper addresses first the NGGM objectives, the measurement technique of Earth’s
gravity field, the fundamental observables, and their measurement requirements by high-
lighting their role in the achievement of the mission performance. Then, it explains the
relation between the measurement of the non-gravitation acceleration and the control of
the drag forces and of the spacecraft attitude; from the characteristics of the reference
accelerometer and its coupling factors, the requirements on drag and attitude control are
derived and compared with the NGGM orbital environment. Finally, the impact of a partial
or total lack of drag control and of a coarse attitude control on the measurement error of the
non-gravitational acceleration is provided with the consequent implications on the gravity
field retrieval.

2. NGGM Objectives, Measurement Technique, and Fundamental Observables
2.1. User’s Need and Objectives of the Next Generation Gravity Mission

The results of the GRACE, GOCE, and GFO missions induced the user’s community
to invoke continuity and evolutions of gravity missions to observe the mass changes and
transport processes in the Earth system. The main thematic fields and phenomena which
shall be investigated by NGGM are based on users and scientific needs collected in the
reference documents [1,18,19]. They are summarized in Table 1 together with the required
measurement accuracy (threshold and goal levels) of the Earth’s gravity signal produced by
the phenomenon/event to be monitored, expressed in terms of equivalent water height (i.e.,
the height of a water layer over a region with the size equal to the required spatial resolution
that produces the gravity signal corresponding to that phenomenon/event). Note: only the
measurement accuracy associated to the minimum time scales plus long-term trends and to
the minimum spatial resolutions of the phenomenon/event to be monitored are reported
in Table 1 by way of example; the complete set of requirements at all resolutions can be
found in [1,18,19].
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Table 1. Thematic fields and geophysical phenomena/events/quantities investigated by NGGM.

Gravity Signal
R Geophysical Phenomena/ . Resolution Measurement Accuracy
Thematic Field Events/Quantities Time Scale ! (cm of EWH 3)
km SH 2 Max. Degree Threshold Goal
D 280 SHDmax =71 6 cm 0.6 cm
e Ground-water storage
L 150 SHDpax = 133 5cm/yr 0.5cm/yr
M 260 SHDyax =77 4.8 cm 0.48 cm
e Soil moisture
L 150 SHDmax = 133 5cm/yr 0.5 cm/yr
Hydrology e Extreme events (e.g., D 280 SHDmax =71 6cm 0.6 cm
drought, flood) L 150 SHDpmay = 133 5cm/yr 0.5 cm/yr
M 260 SHDmax = 77 4.8 cm 0.48 cm
e Water balance closure
L 150 SHDpax = 133 5cm/yr 0.5 cm/yr
e Global Change impact on M 260 SHDmaX =77 4.8 cm 0.48 cm
water cycle L 150  SHDpax = 133 Sem/yr 05cm/yr
e Mass balance of ice sheets M 150 SHDmax =133 50 cm 5cm
and glaciers L 130 SHD pax = 154 15em/yr  15cm/yr
Cryosphere . C01.1trib1utiom1 to gllobal, M 150 SHDmax =133 50 cm 5cm
reglonatsea feve L 130 SHDppax = 154 15ecm/yr  15cm/yr
o Glacial isostatic adjustment M 150 SHDpmax =133 50 cm 5cam
(GIA) L 130 SHDphax = 154 15 cm/yr 1.5cm/yr
M 250 SHDyax = 80 5.5 cm 0.55 cm
e Sealevel change
L 180 SHDmax = 111 1.8 em/yr 0.18 cm/yr
M 250 SHDyax = 80 5.5 cm 0.55 cm
e Ocean bottom pressure
L 180 SHDpax = 111 1.8 em/yr 0.18 cm/yr
e Antarctic circumpolar
current and meridional M 250 SHDpax = 80 5.5cm 0.55 cm
Oceanography overturning circulation
variability L 180 SHDpax = 111 1.8 em/yr 0.18 cm/yr
D 400 SHDpax = 50 5cm 0.5 cm
e Tidal models
L 180 SHDjax = 111 1.8 cm/yr 0.18 cm/yr
e Heat and mass D 400 SHDpax =50 5cm 0.5 cm
observations L 180 SHDmax = 111 1.8cm/yr  0.18 cm/yr
M 250 SHDpax = 80 5.5 cm 0.55 cm
e Ocean circulation models
L 180 SHDpax = 111 1.8 cm/yr 0.18 cm/yr
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Table 1. Cont.
Gravity Signal
Lo Geophysical Phenomena/ ) ) Resolution Measurement Accuracy
Thematic Field Events/Quantities Time Scale (cm of EWH 3)
km  SH?Max. Degree  Threshold Goal
D 300 SHDpax = 67 6 cm 0.6 cm
Natural hazards
L 150 SHDpax = 133 5cm/yr 0.5cm/yr
Evolution of Earth’s crust M 180 SHDpay = 111 18 cm 1.8 cm
under external or
Solid Earth internal forcing L 150 SHDmax = 133 5cm/yr 0.5 cm/yr
Natural resources D 300 SHDax = 67 6 cm 0.6 cm
exploitation L 150 SHDpmay = 133 5cm/yr 0.5 cm/yr
Deep interior properties M 180 SHDmaX =111 18 cm 1.8 cm
and dynamics L 150 SHDpax = 133 5cm/yr 0.5 cm/yr

1 D: daily to weekly; M: monthly (seasonal to inter-annual), L: long-term trend. 2 SHDpx = maximum degree of
geopotential spherical harmonic corresponding to that spatial resolution. > EWH = equivalent water height.

The scientific objectives for NGGM can be synthetized in the measurement of the geoid
with an accuracy of 1 mm at a spatial resolution of 500 km every 3 days and 150 km every
10 days [9]. The achievement of these objectives will constitute a significant improvement
in the monitoring of Earth’s gravity field and of the underlying geophysical phenomena
listed in Table 1 by one order of magnitude or more with respect to the current state-
of-the-art represented by GRACE and GFO. In fact, a single pair of satellites, flying on a
near-polar orbit with an uncontrolled altitude cannot meet the operational and global user’s
community needs as identified by IUGG [1] and support key applications like the careful
management of the fresh water and other natural resources. Acceleration measurement
errors (e.g., temperature-induced bias drifts), the relatively high and variable altitude (i.e.,
natural orbit decay), and the one-dimensional near North-South sampling away from the
poles are known to affect the GRACE and GFO gravity model quality. Improvements to the
spacecraft design (thermal control, attitude measurement, and control) can help to reduce
systematic errors. Beyond that, however, the errors are dominated by the aliasing due to
the coarse temporal sampling, limited to a monthly resolution in GRACE and GFO. Even
a substantially improved instrument such as the LRI cannot be fully exploited due to the
uncertainties in the aliasing reduction modeling of high-frequency ocean and atmospheric
mass variations [20]. A future gravity mission dedicated to monitoring mass changes
in the Earth system, as studied in the context of a Next Generation Gravity Mission [8],
will therefore require improvements in the instrumentation, the spacecraft (disturbing
accelerations), and the mission design (sampling). In particular, a single satellite pair must
evolve in a dual-pair “Bender constellation” [21] with a controlled orbit altitude to reduce
the aliasing errors by increasing the temporal resolution from one month to one week or
less, while providing a homogenous spatial resolution high enough for the investigation
of the phenomena of interest. Notably, by choosing the optimal orbit constellations for
the two pairs of satellites (i.e., the orbit periods, inclinations, repeat cycles and sub-cycles,
the relative orientation of the lines of nodes, etc.), high frequency mass variations will
be observable and temporal aliasing errors from under-sampling will not be the limiting
factor anymore [22].
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2.2. The Satellite-To-Satellite Tracking Technique and the NGGM Scenario

The NGGM will measure Earth’s gravity field and its variation in time by means of
the low-low satellite-to-satellite tracking (11-SST) technique already successfully applied
on GRACE and GFO. The lI-SST concept is illustrated in Figure 1. When two satellites fly
along the same orbital path with a certain separation, the leading satellite (S1 in Figure 1)
is subject to the gravitational force exerted by an overflown geographical area in advance
of the trailing satellite (S2 in Figure 1) or, equivalently, at any given time the two satellites
are subject to slightly different gravitational forces: Fgj, Fgy. The resulting effect is a
continuous variation (Adg) of the distance d between the centers of mass (CoM) of the
two satellites.

Figure 1. Principle of the low-low satellite-to-satellite tracking technique.

To increase the amplitude of Earth’s gravity field components experienced by the
satellite pair, the altitude of their orbit must be as low as possible, in a range where
the non-gravitational force on the spacecraft produced by the atmospheric drag is non-
negligible. As the satellites are separated along the orbital path, at any given time they
fly across atmospheric regions of a different density with different velocity direction;
moreover, the coupling of each spacecraft with the drag (function of the attitude and the
surface temperature and scattering coefficient) is not identical. Consequently, the two
satellites are subject to slightly different drag forces: Fpi, Fpp. The resulting effect is a
continuous variation of the inter-satellite distance produced by the non-gravitational force
(Adp) that, together with Adg, contributes to the overall CoM-to-CoM distance variation:
Ad = Adg + Adp.

Ground coverage is another key factor in monitoring Earth’s gravity field with a high
spatial and temporal resolution. The optimal solution identified to achieve this objective
is constituted by two pairs of satellites (S1, S2 and S3, 54) arranged to form a “Bender
constellation” [21]: one pair flying in a near-polar circular orbit and one pair in a medium
inclination circular orbit, as illustrated in Figure 2. By properly selecting the mean altitudes
(and so the periods) and the inclinations of the two orbits, it is possible to obtain a dense,
homogenous coverage of Earth’s surface even in a short period (one week or less), during
which sufficient measurements can be collected for obtaining accurate solutions of the
gravity field with spatial resolutions <500 km.
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Figure 2. Arrangement of two satellite pairs (51-52, S3-54) in “Bender Constellation”.

The orbit optimization of the Bender constellation is a complex problem: concerning
a survey on the algorithms developed and used for such a scope, we invite the reader
to refer to the publication [23]. In a nutshell, all these approaches have the drawback
that they optimize the orbits for a single temporal resolution, whereas multiple temporal
resolutions are required to serve the needs of all users. For this reason, a new orbit
selection approach that aims at optimizing the spatial sampling of the Bender constellation
for multiple temporal resolutions [24] was developed. The approach was successfully
used for generating the orbits in a number of ESA-funded simulation studies: recently, in
ref. [23], a method to select a definite number of orbits to achieve the NGGM/MAGIC user
requirements has been defined and used. The outcome coincides with a set of seven orbits,
which has been further investigated and expanded in the current feasibility phase of the
mission. Priority has been given to sub-cycles of 3, 5, and 7 days to achieve a high temporal
resolution and its relevance for emergency and near-real-time (i.e., daily to sub-weekly)
products. For selecting the candidate orbits, the “ground track homogeneity” has been
defined and chosen as one of the two weighting parameters, together with the regular and
common longitude shift. Finally, taking into account altitude constraints together with
engineering requirements, the proposed sets of orbits in Table 3 of ref. [23] guarantee an
excellent homogeneity and sampling, including a matching ground-track longitude shift
for the two pairs.

The parameters of a suitable choice of orbits for the NGGM Bender constellation are
provided in Table 2.

Table 2. Orbital parameters of a Bender constellation suitable for the NGGM.

Parameter First Pair (Polar Pair) Second Pair (Inclined Pair)
Mean orbit altitude hi1 =492 km hy =396 km
Orbit inclination i = 89° ip = 65°
Ground track sub-cycles 5,26, 31 days 5,13, 18, 31 days
Ground track homogeneity ! hy =1.397 hy=1.172

Ground track shift in longitude

after the shorter sub-cycle A(Lon) = =0.790 A(Lon) = 1499

! Defined as the ratio of the largest and the smallest difference between adjacent ascending equator crossings.
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Measurement error requirement [m/VHz]

The selection of the inter-satellite distance depends on the spatial wavelengths of the
gravity field to be retrieved, and on the orbit altitude [25]. Given the mission objectives and
altitude range of the NGGM constellation, a reference inter-satellite distance 4 = 220 km
(i.e., the same average distance of the GFO satellites) has been preliminarily identified for
NGGM within the Phase A study.

2.3. NGGM Fundamental Observables and Measurement Requirements

With the 11-SST technique, Earth’s gravity field is reconstructed from its effect on the
CoM-to-CoM distance variation Adg. However, Adg is not directly measurable. Instead,
the overall distance variation Ad can be measured with a suitable metrology, which in the
NGGM will consist of a high-performance laser interferometer, such as that embarked on
the GFO as a technological demonstrator [26]. This quantity must therefore be comple-
mented by a highly accurate measurement of the non-gravitational accelerations of the
satellite’s CoM (ap; = Fpi/m;, m; = mass of satellite S;), from which the component of the
differential acceleration along the satellite-to-satellite direction (Aap = ap; — apy) and the
resulting distance variation Adp can be obtained and separated from Ad, so as to isolate
just the effect caused by Earth’s gravity alone (Adg).

The requirements on the stochastic measurement errors of the two fundamental
observables (Ad, Aap) in the measurement bandwidth of the NGGM (from 1 mHz to
100 mHz) are expressed in terms of amplitude spectral density (ASD) and are shown
in Figure 3 (for d = 220 km) and Figure 4. They have been derived as a function
of the minimum (threshold) objectives and the more ambitious ones (goal) estab-
lished by the user’s community of the NGGM products, described in Section 2.1,
taking also into account the intrinsic limitations of the measurement instruments (laser
interferometer and accelerometers).

1x107°
—— Threshold
Goal

1><l()6\ \
1x10” \ BaSSE

\h“-ﬁ_

\““~—_
1x10~®

1x10 * 1x10™° 0.01 0.1 1

frequency [Hz]

Figure 3. Requirements (threshold and goal) on the stochastic measurement error of Ad.



Remote Sens. 2022, 14,2916 9 of 26

131079

Hz]

/
1x10° 1 / //

NCTN
\. /

1x10

7

rd

N y4
rd

—— Threshold]| |

— Goal
1x10_12 | L [ T IT]

£
N(ﬂ
£
=
(]
5
E
I3 NN /
L
8
f
(0]
k=
(]
5
2
<
[F)
p=

1x1073

1x10~* 1x10~ 0.01 0.1 1
frequency [Hz]
Figure 4. Requirements (threshold and goal) on the stochastic measurement error of Aap.

The measurement performances of Ad and Aap required for the NGGM, even at the
threshold level, represent an improvement by more than one order of magnitude over
those achieved in the GFO by the K/Ka-band ranging system (primary instrument for the
distance measurement) and by its accelerometer [27].

The combination of the requirements on Aap and Ad converted to the same units
[m/s?/+/Hz], by taking its second temporal derivative, shows that the contributions to the
performance from the acceleration and from the distance variation measurement errors are
approximately comparable at 1 mHz, while the performance limit below 1 mHz is set by the
acceleration measurement error and above 1 mHz by the distance variation measurement
error (see Figure 5).

Threshold requirements combination Goal requirements combination

—
X

—
=3

Non-gravitational relative acceleration AS
=== 2nd derivative of distance variation ASD
Combined measurement requirements

=== Non-gravitational relative acceleration AS ‘
2nd derivative of distance variation ASD [
Combined measurement requirements [

T _TT/T

Measurement error requirement [m/s*/VHz]

Measurement error requirement [m/sz/\/Hz]

1x107 A
//
1x10™" ==
Ny
L1 P i
~11
Lo ! 1x10 7
| ydiil
g™ 1x107"
10~ 110> 0.01 0.1 1 1x107* 1x107° 0.01 0.1 1
Frequency [Hz] Frequency [Hz]

Figure 5. Combined requirements on Aap and on the second temporal derivative of Ad.
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3. Drag and Attitude Control Role in the Measurement of the
Non-Gravitational Accelerations

3.1. The Measurement of the Non-Gravitational Accelerations and the Main Error Terms

The NGGM will measure the non-gravitational differential acceleration between
the CoMs of the satellites in each pair (Aap) through the use of highly sensitive
electrostatic accelerometers.

This kind of accelerometer operates by nulling the relative motion (linear and angular)
between a proof mass (PM) and its “electrode cage”, through the use of electrostatic forces
and torques applied on it. The acceleration corresponding to the force applied to the PM
for nulling its motion (a) is the quantity nominally measured by the accelerometer. It is
equivalent to the relative acceleration between the PM and the cage (a = acage — apm), and
can be expressed as:

a=—(1U = [0 - [O))R+2[OIR + R+ ap — apea = ap -+ dap

Here, ap encompasses all environmental non-gravitational accelerations (atmospheric
drag, radiation pressure, and propulsion system thrusting) experienced by the satellite’s
CoM, which are also the linear accelerations of the accelerometer cage being rigidly con-
nected to the satellite, and apara refers to the PM acceleration relative to the cage produced
by forces internal to the satellite and to the accelerometer (self-gravity forces, thermo-
molecular forces, magnetic forces, etc.).

The term ([U] — [Q2] — [Q])R is the acceleration of the PM relative to the cage due to
the coupling of Earth’s gravity gradient [U], the spacecraft centrifugal acceleration [()?]

and angular acceleration [(2] around its CoM with the position vector R of the center of

the PM relative to the satellite’s CoM. The term 2 [Q]R is the Coriolis acceleration of the
PM relative to the cage induced by the coupling of the rate of change of the position vector
R with the satellite angular velocity [(}] around its CoM. Since the PM is kept motionless
relative to the cage, the first and second time derivative of the position vector R (R, R)
result from variations of the accelerometer cage offset relative to the CoM produced by
causes internal to the satellite itself (thermo-elastic deformations of the structure to which
the cage is connected, vibrations originated inside the satellite and propagating through the
structure up to the cage, etc.). A schematic illustration of the contributors to the acceleration
nominally measured by the accelerometer on board of the satellite is shown in Figure 6.

Spacecraft

XS acage — dpm

[Q],[0]
cage /\
. . aD
1 pm| % .
— [U] CoM
acage
Ys

Accelerometer

Figure 6. Contributors to the acceleration a nominally measured by the accelerometer.
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The above equation would reduce to a = ap were it to be assumed that dap = 0, namely
that the PM control is perfect (and the PM was perfectly centered within the electrodes cage
at all times), vibrations between the electrodes and the rest of the spacecraft are neglected,
and the center of the PM was perfectly coincident with the spacecraft’s CoM or the angular
rates and accelerations were tightly controlled.

On the contrary, some terms accounting for the imperfections need to be added to
the equation in order to allow for systematic uncertainties in the accelerometers, beyond
misalignments in the reference frames: a scale factor, misalignment and coupling matrix
[M] =1 + [dM], a quadratic factor matrix [K2], a matrix for the coupling between linear and
angular accelerations [C], the accelerometer’s bias b, and the measurement’s random noise
n. Taking into account these terms, the acceleration actually measured by the accelerometer
(ameas) can be expressed as a function of the “true” acceleration a as follows (see also
illustration in Figure 7):

Ameas = a4+ [dM}aﬂ- [KZ]a2—|— [C}Q—f—b—kn =a+ 8a

Spacecraft

Accelerometer
CoM
«— X
ameas,X ax
= ax + dex ax aY
+ K2y a2 +[C]Q
+ bx + Tlx YS
Ya

Figure 7. Illustration of the errors affecting ameas.

Notably, the error 8a on the measured acceleration is a function, besides other factors,
of the acceleration itself through the coupling factors [dM] and [K2]. Therefore, the reduc-
tion of the error 8a implies the reduction of the acceleration a (and in particular of the drag
acceleration ap) through the implementation of a “drag-free control”.

Additionally, the misalignment between the accelerometer reference frame and the
satellite-to-satellite reference frame (SSRF) will also induce a projection error in the mea-

sured acceleration along the direction joining the CoMs of the two satellites (Figure 8).
ap = Ameas X T 0z Ameas,Y T Oy Ameas,Z

— dap = 6ameas,X + 0z 5ameas,\{ + 607 Ameas,Y T Oy 6‘Zmeas,Z + 80y Ameas,Z

Sl

Figure 8. Accelerometer reference frame (Xa, Ya, Za) to SSRF (Xss, Yss, Zss) misalignment giving

rise to the pitch/yaw-dependent error term dap.
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The reduction of the error dap implies a fine pointing and pointing stability of the
accelerometer X-axis along the CoM-to-CoM direction, i.e., the tight control of the pitch
and yaw angles 6y, 6.

From the above discussion, the errors affecting the measurement of the non-gravitational
differential acceleration between the CoMs of the satellites (Aap) can be classified in the
following classes (illustrated in the error tree of Figure 9):

e Accelerometer Intrinsic Errors (I): sensor intrinsic noise and bias, parasitic forces on the
PM originated internally to the accelerometer (gold-wire stiffness, thermo-molecular
forces, etc.).

e  Accelerometer-Satellite Coupling Errors (C): errors originated from the interactions of
the accelerometer scale factor, internal misalignments, quadratic factors with residual
non-gravitational accelerations, and the attitude dynamics of the spacecraft.

e  Satellite Generated Errors (S): errors produced by sources dependent only on the
spacecraft (self-gravity forces, stability of the accelerometer-CoM relative position,
etc.).

e  Transformation Errors (T): errors originated by the projection of the measured acceler-
ation along the CoM-to-CoM direction.

Non-gravitational Differential Acceleration
along the CoM-to-CoM direction
Measurement Error

Non-Gravitational Linear Non-Gravitational Linear
Acceleration of Satellite 1 CoM Acceleration of Satellite 2 CoM
Measurement Error Measurement Error

[

!
Accelerometer
Intrinsic Errors

T
c
Accelerometer-Satellite
Coupling Errors

s
Satellite Generated Errors

T
Transformation Errors

1.1
Acceleration sensing device
Internal Noise, Bias

CA1
Coupling with Non-gravitational
Linear Accelerations of the Satellite CoM

S.1
Satellite Dynamics Coupling with the
Accelerometer-Satellite CoM Offset

TA
Transformation Error from
Accelerometer to Satellite

Reference Frame

1.2
Accelerometer Originated
Parasitic Forces on the Proof Mass

Cc2
Coupling with Satellite Angular and
Centrifugal Accelerations around the CoM

S.2
Accelerometer-Satellite CoM
Relative Position Stability

T2
Transformation Error from
Satellite Reference Frame to

Satellite-to-Satellite Reference Frame

C3 S.3
L Quadratic Coupling with L] Satellite Self-Gravity Forces
Non-gravitational Linear Accelerations on Accelerometer Proof Mass

Figure 9. Error tree for the measurement of the non-gravitational differential acceleration along the
satellite’s CoM-to-CoM direction.

3.2. The Candidate Accelerometer for NGGM

In order to have the same level of performance along the three axes for linear accel-
erations and to provide three pure angular accelerations, ONERA has proposed the new
concept of the accelerometer, named MicroSTAR, with a cubic proof mass (PM) surrounded
by six identical electrode plates (Figure 10). The principle of measurement of MicroSTAR
is identical to the previous accelerometers utilized on GOCE [28] or GFO [29]: the PM is
suspended at the center of the electrode cage with electrostatic forces, with the control being
ensured by a capacitive measurement of the motion of the PM with respect to the electrode
cage. With the electrode cage being fixed inside the satellite, the electrostatic forces applied
on the PM are representative of the relative acceleration of the PM with respect to the
satellite at the accelerometer’s location. For an accelerometer at the center of mass of the
satellite, the linear accelerations measured by the instrument are the non-gravitational ac-
celerations seen by the satellite. For an off-centered accelerometer, additional terms due to
the angular motion of the satellite and the gravity gradient are present in the measurement,
as described in Section 3.1.
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Figure 10. Core of MicroSTAR with the cubic PM surrounded by 6 identical electrode plates.

To achieve the performance required for the mission, the PM is made in Platinum
Rhodium alloy (PtRh10), as for the GOCE accelerometer, with a gap between the PM and
electrode of 300 pm. A very thin gold wire of 5 um diameter polarizes the PM with a
DC voltage Vp (polarization voltage) and a 100 kHz voltage Vd (detection voltage for
capacitive detection). The PM is controlled with a digital control loop to take full benefit of
the electrode redundancy and to facilitate the non-linearity calibration and correction, as
was completed for the GOCE accelerometer.

The accelerometer sensor head (ASH) with the accelerometer core and the front-end
electronics unit (FEEU) with the sensitive analog functions (capacitive detection, actuation
amplification, and readout chain) shall be located in a very stable thermal enclosure in
order to achieve the performance at low frequency. A stability of 5 mK//Hz for ASH and
10 mK/+/Hz for the FEEU is required in addition to very low thermal sensitivity of the
electronics functions.

The interface and control unit (ICU) includes the software to control the PM along
its six degrees of freedom, as well as to filter the accelerometer acceleration measurement
before transferring the measurements to the on-board computer. It is foreseen to have two
different outputs: one for the science processing with high resolution and lower range
(1.2 x 10> m/ 52) and one for the drag-free, attitude, and orbit control system (DFAOCS)
with lower resolution but higher range (4.7 x 1075 m/s?). Figure 11 shows the amplitude
spectral density of the MicroSTAR measurement noise in the science output and in the
DFAOCS output channel for the linear accelerations and the angular accelerations, derived
from a worst-case analysis (WCA). Note that the X axis of the accelerometer is that on
which the polarization gold wire is applied; therefore, it is slightly less sensitive than the
other two (ultra-sensitive) Y and Z axes. On the spacecraft, the accelerometer is oriented
with one of its ultra-sensitive axes nominally aligned to the flight direction.

As explained in Section 3.1, the measurement performance of the relative non-
gravitational acceleration depends not only on the accelerometer intrinsic noise, but
also on the coupling of the accelerometer with the satellite environment. Indeed, due
to the non-perfect geometry of the accelerometer parts or the non-perfect electronics
components, the accelerometer is affected by a bias, a scale factor, a quadratic factor,
and internal misalignments. The expected values of the parameters achievable by
construction and after in-flight calibration, as well as their in-flight stability in the
measurement bandwidth are provided in Table 3.
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NGGM MicroSTAR, Science Mode
(PtRh10 proof-mass, 300um gap, Vp=10V, Vd=5Vrms)
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Figure 11. Worst-case analysis (WCA) of the acceleration measurement noise for linear and angular
accelerations for the science output (SCI) or for DFAOCS outputs. Performance is shown for the
X axis (less sensitive) and for Y/Z axes (ultra-sensitive) of the accelerometer reference frame.

Table 3. Bias, scale factor, quadratic factor, and misalignments of the MicroSTAR accelerometer (in
the accelerometer reference frame).

Y or Z axes X axis

By construction (DC value) 1.5 x 1077 m/s? 2 x 1079 m/s?

Bias/Noise After calibration (DC value) <15 x 1077 m/s?
In MBW 3.1 x 10712 m/s?//Hz 6.2 x 10712 m/s?//Hz
By construction (DC value) 1.2 x 1072
Scale Factor After calibration (DC value) 3x107* <12 x 1072
In MBW 10771/y/Hz
By construction (DC value) 78 s%/m
Quadratic ] ] 5
Factor After calibration (DC value) 10 s*/m (for all axes)
In MBW 1.1 x 1072 s?/m/\/Hz
Internal By construction (DC value) 148 prad 172 prad
Misalignment

In MBW

0.1 prad/+/Hz

3.3. Drag and Attitude Control Requirements

Besides the altitude maintenance, necessary to ensure a homogeneous, constant
ground track repetition pattern along the mission, a tight control of the satellite’s non-
gravitational accelerations and attitude dynamics at all frequencies inside the instrument
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measurement bandwidth (MBW) of NGGM (threshold: from 1 to 100 mHz; goal: from
0.1 mHz to 1 Hz) is necessary to fulfil the measurement requirements of Aap.

Control requirements are derived from the couplings between accelerometer and satel-
lite dynamics feeding into the relative non-gravitational linear acceleration measurement
performance requirements through the corresponding linear and angular accelerations and
angular rates. Their required values are reported in Table 4.

Table 4. Requirements on non-gravitational accelerations and attitude motion control for NGGM.

Controlled Quantity Requirement Note
Non-gravitational linear <107®m/s? Peak-to-peak limit, all axes
acceleration of satellite’s CoM <5 x 107" m/s?//Hz ASD limit in MBW, all axes
Angular acceleration of the <107° rad/s2 Peak-to-peak limit, all axes
satellite around the CoM <1078 rad/s?//Hz ASD limit in MBW, all axes
—4 e ..

Angular rate of the satellite =10 Ean/s Peak-to-peak l}m}t, X an.d % axgs

around the CoM <12 x 10~° rad/s Peak-to-peak limit, Y (pitch) axis
<10 % rad/s/ vHz ASD limit in MBW, all axes

Satellite X-axis pointing in the <2 x 1075 rad Peak-to-peak limit, around Y and Z 1

satellite-to-satellite direction <1075 rad/\/Hz ASD limit in MBW, all axes

! Limit set by the pointing precision of the interferometer laser beam. Roll axis (X) is not constrained.

These control requirements allow the fulfillment of the mission’s required performance
for the measurement of the two mission observables when considered in conjunction with
the calibration-dependent parameters in Table 3. Relaxation of these requirements (or
of the calibration stringency) would lead to worsening of the performances, locally for
some frequency ranges, or generally across the whole spectrum, as explored in more detail
in Section 4.1.

3.4. Drag Environment on NGGM Reference Orbits

Atmospheric drag is the dominant source of non-gravitational accelerations for low-
Earth orbits like those of the NGGM. The drag forces on the satellite depend on the
atmospheric density, which in turn is affected by the solar activity, on the satellite’s velocity
relative to the atmosphere on the satellite geometry, on the accommodation factors, and on
the temperature of its surfaces.

The atmospheric models utilized within the NGGM system study are:
NRLMSISE-00 for neutral density estimation/predictions (consistent with ECSS E ST
10 04C Rev1 Space Environment standard);

HWM-14 for winds;

Hickey’s model for the high-frequency density /wind fluctuations [30].

The drag forces on the spacecraft are computed using the NGGM E2E e-MAGIC
simulator, inherited from the end-to-end (E2E) simulator developed by Thales Alenia Space
for the GOCE Mission and successfully validated against the flight data (see Figure 12). A
remarkable result of this comparison is the fundamental role played by Hickey’s model for
a correct reproduction of the drag force behavior in the frequency range from 1 mHz to
1 Hz (see Figure 13), which includes the measurement bandwidth of the NGGM.
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Figure 12. Time history and amplitude spectral density of the drag force along the X-axis of GOCE
measured in flight (black line) and computed by the E2E simulator (red line).
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Figure 13. Time history (above) and amplitude spectral density (below) of the drag force along the
X-axis of NGGM computed with and without the Hickey’s atmospheric model.
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The dependency on the drag force module on the solar activity is clearly shown in the
time series Figure 14 spanning 14 years from 2027 and computed for the two reference orbit
altitudes of the NGGM considering the solar-flux (F17) and the geomagnetic index (Ap)
predicted with the 50th and 95th percentile (i.e., the probability, expressed in percentage,
that a variable X will be less than a given value) [31].

Drag force module — 50" percentile Drag force module — 95t percentile
3 T T T T T T 3 T T T T T T T
—— 396km —— 396km
2.5} 492km! 2.5 —— 492km
1—|2 1 2
=z =z
.E. 1.5t .E. 1.5
L1 | S1
0.5
0 o o 3 -
2026 2028 2030 2032 2034 2036 2038 2040 2042 2026 2028 2030 2032 2034 2036 2038 2040 2042
Time [years] Time [years]

Figure 14. Drag force module over 14 years from 2027 at 396 km and 492 km altitude, computed with
50th percentile (left) and 95th percentile (right) on F197 and A, prediction.

According to the predicted activity in solar cycle 26, the maximum is expected to occur
around October 2034; the date comprised in the planned NGGM on-orbit lifetime. The
three components of the uncompensated drag accelerations experienced by the satellite
(expressed in its reference frame), computed along two orbits at the maximum of the
predicted solar activity with the 95th percentile, are provided in Figure 15 (time series) and
Figure 16 (amplitude spectral density).
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Figure 15. Drag acceleration components over 2 orbits at 396 km and 492 km, computed at the epoch
of maximum solar activity with 95th percentile on F1o7 and A prediction.
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Figure 16. Amplitude spectral density of the drag acceleration components at 396 km and 492 km,
computed at the epoch of maximum solar activity with 95th percentile on F1g7 and Ap, prediction.
The control requirement (magenta horizontal line, taken from Table 4’s control requirement for the
spectral densities of the linear accelerations in the MBW) is abundantly exceeded below 50 mHz by
all components.

From the above Figure 16, it is apparent how external perturbations have a direct
influence on the residual linear accelerations that the SC is subject to at the different altitudes.
In order to respect the requirements on the residual linear accelerations described in Table 4,
it is necessary to exercise linear drag-free control to compensate for the external drag as
well as for dominant thruster effects. Indeed, independently from the thruster layout and
thruster usage (impulsive or proportional thrusters), the accelerometer will always measure
the thruster effects due to the non-ideal thrust caused by thruster misalignments, noise,
etc. The latter effect is particularly evident on the cross-tack and radial axes, while along
the in-flight direction, the dominant source is external drag. Consequently, the in-flight
direction performance worsens when flying at a lower altitude.

4. Drag and Attitude Control Impacts on Mission Performance

The drag and attitude control results just presented above feed into the performance
and error budget model through their impact in several of the error terms in Figure 9: in
particular, the accelerometer-to-satellite coupling contributors (C) and the transformation
contributors (T), as mentioned in Section 3.3, weighted by some of the parameters in Table 3.
In addition, in Section 3.1: the non-gravitational linear acceleration ASDs resulting from
the E2E simulator shown in Figure 16 are fed directly into the contributors for the coupling
error estimates (scaled appropriately by the scale factors) and the transformation error
estimates (through the pointing misalignments between the accelerometer and satellite
reference frames) under several assumptions of drag-free capabilities. Spectral densities
for the simulated drag-free performance are also employed for the axes enabled with the
drag-free control. The resulting non-gravitational acceleration measurement error ASDs,
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shown in Section 4.1, are then employed to obtain the errors in the gravity field retrieval
resulting from the propagation of said measurement errors on the constellation’s ground
track pattern, as shown in Section 4.2.

4.1. Error Budget for the Non-Gravitational Acceleration Measurement

The mission’s control requirements regarding drag and attitude/pointing control flow
down from the coupling (C) and transformation (T) contributors to the measurement error.
On the other hand, the intrinsic accelerometer performance (I) is ensured through the use
of the MicroSTAR accelerometer described in Section 3.2. The stability between the CoM
and accelerometer feeds into the satellite (S) contributor.

When assuming that said control requirements are exactly met through the use of
fine pointing attitude control and full (3-axis) drag-free propulsive control at the mission’s
altitude range, the baseline performance in the measurement of the non-gravitational
differential acceleration between the CoMs of the satellites (Aap) is achieved as shown
in Figure 17.
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Figure 17. Nominal non-gravitational acceleration measurement performance (green line) in the case
of perfect matching of control requirements (see Section 3.3) and realistic conservative allocations
for the values of the parameters subject to calibration (see Section 3.1), in comparison to mission
performance requirements (light blue) and goals (magenta). Shown in dark blue, red, yellow, and
purple are the (I), (C), (S), and (T) uncertainty contributors to the overall budgeted performance,
respectively.

While this is the only configuration explored that is capable of fulfilling the perfor-
mance requirements, several performance degradation scenarios of interest have been
explored in the context of the NGGM’s Phase A, as part of the ongoing mission tradeoff
analysis, in the interest of cost, complexity, and other practical parameters of interest.

By selecting the uncontrolled drag accelerations provided in Section 3.4 (Figure 16)
to feed into the performance model, while assuming the fulfillment of the attitude control
requirements, the following scenarios have been studied obtaining the performance shown
in Figure 18:



Remote Sens. 2022, 14, 2916

20 of 26

e no drag-free control along any of the axes;
e  drag-free control along the flight direction (satellite X axis) only, no control along Y

and Z axes.
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Figure 18. Performance for scenarios with degraded drag-free control (either no drag-free control
along the flight direction, satellite X axis, or along any of the axes) at the two orbital altitude regimes
considered as 396 and 492 km.

As expected, the impact on the measurement of the differential acceleration caused
by the total or partial lack of drag-free control is more important on the lower orbit
where the aerodynamic forces experienced by the satellite are larger. Note that, since
the Earth’s gravitational potential decreases with the orbit radius r (from Earth’s
center) very rapidly for large values of the spherical harmonic degree (proportionally
to 1/rHP+D) ag deduced from the spherical harmonic expansion of the gravitational
potential U(r,0, ¢) = R(r)P(0)Q(¢) of a non-symmetrical mass distribution satisfying
Laplace’s equation V2U = 0, where the solution for the radial component takes the
form R(r) = r~(#1);1 € [0, 00) for points located outside the mass distribution), a worse
measurement on a low orbit degrades the gravity field retrieval at a high spatial
resolution more than a better measurement on a high orbit.

Alternatively, while assuming the fulfillment of the drag-free requirements along any
axis, the effect of a coarse attitude control has been studied. For this purpose, in-flight data
from the GFO'’s attitude have been employed (from ref. [32]) and fed into the performance
model obtaining the performance shown in Figure 19. Note that, in principle, this scenario
is independent of orbital altitude since the triaxial drag-free control capability is retained.
This kind of coarse attitude control produces, in particular, a variation of the satellite
pitch/yaw angles in the measurement bandwidth which translates into a transformation
error degrading the Aap measurement performance by about two orders of magnitude
around 1 mHz independently on the orbit altitude. A similar degradation is produced by
the lack of drag-free control on the lowest orbit considered for the NGGM scenario.
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Figure 19. Coarse attitude control effect in non-gravitational acceleration performance (green line) in
the case of perfect matching of drag-free control requirements in the three axes, at any altitude where
that control is feasible.

It is apparent that the hypothetical combined degraded scenario with neither fine
pointing control nor drag compensation will see its error budget still dominated by the
performance degradation effects due to the coarse pointing, as shown in Figure 20.
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Figure 20. Performance for the scenarios with both coarse pointing and degraded drag-free per-
formances at h; = 492 km and hy = 396 km, overlaid to the cases with full drag-free control at any
altitude combined with fine and coarse pointing.
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4.2. Implications on the Gravity Field Retrieval

In order to assess the influence of the three drag-free cases and the two pointing
regimes on the quality of the gravity field, we exploited the linear perturbation theory
(LPT) [33] to propagate errors in the frequency domain to the Stokes coefficients, following
the approach of [34]. In this way, the errors in the frequency domain are projected into the
ground track coverage dictated by the orbital configuration of the constellation (i.e., both
satellites), thus determining which gravity field coefficients are affected by those errors.
This is an efficient method to evaluate the impact of colored noise from different sensors on
the quality of the gravity field models [35].

As implied, this approach assumes the errors are stationary, which is adequate for
instrument errors. Unfortunately, this approach is not capable of handling non-stationary
errors, such as those resulting from temporal aliasing [36]. Although there are strategies to
address temporal aliasing, e.g., [22,37], these errors are still dominant in the error budget
of 1I-SST satellites [20]. In any case, the level of temporal aliasing is dictated by the orbit
configuration (namely their repeat period) and data processing choices on the ground. For
this work, we have exploited the orbit configurations determined in [23] and note that data
processing choices are irrelevant for the satellite design. For this reason, we chose the LPT
to assess the impact of different design choices in the quality of the monthly gravity field.

Figure 21 illustrates the cumulative degree RMS error of the three drag-free options
and the two pointing regimes on the quality of the gravity field (cf. Figure 18, except for the
“NGGM requirement” curve and Figure 20, yellow line), in terms of the equivalent water
height (EWH) added to the “goal” case in Figure 3. This means the curves in Figure 21
include the errors from the laser interferometer, the accelerometer, and associated drag-free
and pointing regimes. The first observation is that the full and X-axis drag-free cases (for
both pointing regimes) are very similar, with some small differences in degrees 540 for
the fine pointing regime and no obvious difference for the coarse pointing regime (i.e.,
the light blue and green lines are overlapping). For the fine pointing regime, the error
amplitude below 40 degrees jumps up from full/X-axis drag-free to no drag-free by as
much as it jumps from the latter to all coarse pointing cases. This means that the fine
pointing regime has larger benefits to the quality of the gravity field than the drag-free
options. As the degree increases, the differences between all six cases progressively reduce.
This is because the errors in the laser interferometer (not shown) are dominant at degrees
above 80; the exception is the fine pointing and full/X-axis drag-free cases, which are
below the laser interferometer errors for degrees above 20. In other words, the full /X-axis
drag-free capability is required to fully exploit the accuracy of the laser interferometer.

Represented by the broken pink line is the so-called HIS signal, which contains the
variability of the hydrological, icesheets, and solid-earth mass transport components,
from [38]. This line represents one of the main signals to be observed by future gravimetry.
As such, the intersection between the error curves and the HIS curve indicates the spherical
harmonic degree (SHD), which can be directly translated to a spatial resolution, at which
the signal-to-noise (SNR) is 1. For lower degrees (or lower spatial resolution), the HIS
processes can be fully observed; above, this is not the case. Table 5 lists the values of the
predicted spatial resolution for the cases considered in this study. As expected, the fine
pointing and full/X-axis drag-free cases have the highest spatial resolution of 235 km and
the coarse pointing with no drag-free control has the lowest at 267 km.

Even though the different cases do not substantially affect the maximum resolution, they
do affect the accuracy of the low degrees, by over 1 order of magnitude below degree 40. This
may not seem relevant to the observability of the HIS signal, but such a large difference may
play an important role in the estimation of the low degrees, with consequences to diverse
geophysical applications. For example, the Cy coefficient of GRACE is notoriously difficult
to estimate, and some studies have hinted that the cause is the poor performance of the
accelerometers at low frequencies [39]. Furthermore, the low-quality data provided by GFO’s
accelerometer have created the need to have an independent estimate of the Cs coefficient [40].
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Figure 21. Degree RMS of the error in the gravity field coefficients in terms of EWH resulting from
the laser interferometer, the accelerometer, and associated drag-free and pointing regimes. The curves
for X-axis and full drag-free for the coarse pointing (green and light blue lines) are overlapping.

Table 5. Maximum spatial resolution of the different scenarios to fully observe the HIS signal, in
spherical harmonic degree (SHD) and distance.

Pointing Drag Free H[I SSHI\I/I)at);(II;]e s
Fine Full 85 235
Fine X-axis 85 235
Fine None 81 245

Coarse Full 80 250
Coarse X-axis 80 250
Coarse None 75 267

5. Conclusions

In a mission based on the satellite-to-satellite tracking technique for monitoring at
a high spatial and temporal resolution the variations of Earth’s gravity field, the two
fundamental observables (CoM-to-CoM distance variation and non-gravitational differ-
ential acceleration between the CoMs of the satellites) are equally important to achieve
the final objectives. In Section 4.1, the importance of fulfilling the control requirements
on the satellite’s drag accelerations and attitude dynamics provided in Table 4 to achieve
the measurement performance of the non-gravitational differential acceleration has been
demonstrated. Without compensating at all the drag forces’ variations in the MBW, the
measurement performance is degraded with respect to the full drag-free control condition
by about 100 times in the lowest part of the MBW for the orbit of the Bender constellation
with the lower altitude (396 km). The degradation can be mitigated by compensating at
least the largest component of the drag force along the flight direction. Conversely, without
a fine stabilization of the satellite orientation along the satellite-to-satellite direction, the
resulting performance degradation (again, about two orders of magnitude around 1 mHz)
is independent of the orbital altitude.



Remote Sens. 2022, 14, 2916 24 of 26

In terms of the influence of the instrument errors in the accuracy of the monthly
gravity field models, the analysis conducted with linear perturbation theory (LTP), cf.
Section 4.2, confirms that the only way to exploit the full capabilities of the accelerometer is
to use drag-free control, either on the X-axis or for all directions combined with the fine
pointing mode. This analysis predicts that the maximum achievable spatial resolution to
completely observe the HIS signal of the ESA Earth system model is 235 km, since the laser
interferometer can resolve signals with an amplitude of 0.2 mm EWH at SHD 85. This is
also the only case where the errors caused by the accelerometer are below those of the laser
interferometer for the complete SHD range. For all other cases, the accelerometer affects
the lower degrees more severely and with decreasing intensity for higher degrees, up to
SHDs 60-70. When the accelerometer operates in a satellite platform with coarse pointing,
it needs the drag-free control (either on the X-axis or for all directions) to come close to
the case of fine pointing coupled with no drag-free control, with a spatial resolution of 250
and 245 km, respectively (SHDs 80 and 81). In the case of coarse pointing and no drag-free
control, the spatial resolution is predicted to be 267 km (SHD 75). Since our analysis tool
cannot handle non-stationary noise, such as temporal aliasing, we expect these values to
be optimistic, and they should be regarded as the upper limit for complete observability.
The analysis of model errors with a more complex simulation approach will certainly lead
to worse quality gravity field models. However, importantly, those results will also be
proportional to the quality of the results found using the LPT, so our approach is adequate
for instrument design, especially since it allowed us to perform a much larger number of
simulations throughout the design process (not shown).
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