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Abstract: ESA’s Next Generation Gravity Mission (NGGM) is a candidate Mission of Opportunity
for ESA-NASA cooperation in the frame of the Mass Change and Geosciences International Con-
stellation (MAGIC). The mission aims at enabling long-term monitoring of the temporal variations
of Earth’s gravity field at relatively high temporal (down to 3 days) and increased spatial resolutions
(up to 100 km) at longer time intervals. This implies also that time series of GRACE and GRACE-
FO can be extended towards a climate series. Such variations carry information about mass change
induced by the water cycle and the related mass exchange among atmosphere, oceans, cryosphere,
land and solid Earth and will complete our picture of global and climate change. The main observ-
able is the variation of the distance between two satellites measured by a ranging instrument. This
is complemented by accelerometers that measure the nongravitational accelerations, which need to
be reduced from ranging measurements to obtain the gravity signal. The preferred satellite constel-
lation comprises one satellite pair in a near-polar and another in an inclined circular orbit. The paper
focuses on the orbit selection methods for optimizing the spatial sampling for multiple temporal
resolutions and then on the methodology for deriving the engineering requirements for the space
segment, together with a discussion on the main mission parameters.

Keywords: orbit selection; gravity mission; global change; mass change; climate change; hydrology;
cryosphere; oceanography; solid Earth; neutral atmosphere; laser interferometer; satellite for-

mation; drag compensation

1. Introduction

Gravity observations are a well-established element of today’s Earth observation
from space. Measurement of the gravity field reveals Earth’s state of mass balance and its
dynamics and provides the geoid as reference for sea level, global ocean circulation and
height systems, and the variations of gravity and of the geoid provide information on
mass exchange processes in the Earth system [1].

The GOCE satellite [2] was orbiting from 2009 to 2013 at a mean altitude of 255 km
(nominal mission) and 225 km (extended mission) in drag-free mode. The scientific pay-
load was a gravity gradiometer, which consisted of six ultraprecise accelerometers, and 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 in terms of geoid heights and 0.5 mGal for gravity
anomalies, at 100 km spatial resolution [3]. The low controlled altitude, the drag compen-
sation control (so-called “drag-free”) and the accurate angular accelerations measured as
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a by-product of the gradiometer payload were all instrumental in GOCE’s outstanding
result.

From 2002 to 2017, the GRACE satellites [4] provided measurements that were pro-
cessed to obtain monthly estimates of Earth’s global gravity field at scales of several hun-
dreds of kilometers and larger. The time variations of the gravity field were used to de-
termine changes in Earth’s mass distribution [5], with applications ranging from measure-
ment of continental water storage (e.g., seasonal changes in large river basins and ground-
water depletion) [6-10], to ice and snow accumulation and depletion in the polar regions
and large glaciers [11-13], to the monitoring of global mean barystatic sea-level variations
and oceans [14-20]. The two GRACE satellites were identical and flew in near-circular,
polar (89° inclination) orbits, initially at 500 km altitude, at along-track distance varying
around a mean value of 220 km. The instantaneous distance variation measured by a dual-
band microwave ranging instrument (24 GHz, 32 GHz) was the main observable, supple-
mented by GPS positions and nongravitational acceleration measured by high-precision
accelerometers. The satellite altitude decayed naturally under atmospheric drag down to
about 320 km at the end of the extended mission lifetime, with the consequence that the
ground track pattern was changing continuously, resulting in variable quality of monthly
solutions.

The GRACE Follow-On (GRACE-FO) satellites [21] were launched on 22 May 2018
and are meant to continue the GRACE time series for at least five years. The satellite de-
sign is fully inherited from GRACE but includes a laser ranging interferometer (LRI) as a
technology demonstration of a more precise ranging capability.

Acceleration measurement errors (e.g., temperature-induced bias drifts), the rela-
tively high and variable altitude and the one-dimensional North-South sampling are
known to affect the GRACE gravity model quality. Improvements to the spacecraft design
(thermal control, attitude measurement and control) can help to reduce systematic errors.
Beyond that, however, aliasing mainly due to monthly temporal sampling dominates due
to unavoidable errors in the aliasing reduction modeling of high-frequency ocean and at-
mospheric mass variations: even a substantially improved instrument such as the LRI can-
not be fully exploited [22]. A single pair of satellites cannot meet operational and global
user community needs. This would result only in partial information, and it would not be
possible to support key applications, e.g., ground water and aquifer monitoring for im-
proved water management, at the required spatiotemporal resolution. A future gravity
mission dedicated to mass change in the Earth system, as studied in the context of a Next
Generation Gravity Mission [23], will require improvements in the instrumentation, the
spacecraft (disturbing accelerations) and the mission design (sampling). In addition, a
constellation of two pairs of satellites in an optimized orbit configuration and a strategy
for reducing potential remaining aliasing errors are required.

A number of authors have studied future gravity field mission concepts based on
precise ranging between two low-flying satellites forming a pair. Most of them considered
either a single pair flying in formation or two satellite pairs flying in a so-called Bender
constellation [24], where one pair is in a polar orbit and the other pair in an orbit with an
inclination of 63° (see, e.g., [25] and the references therein). Other satellite formations, such
as the Cartwheel, Pendulum and Helix formations, impose excessive attitude and orbit
control and, consequently, power demands on the satellite system and were therefore
abandoned. The favored option seems to be the Bender constellation with two satellite
pairs flying in an in-line formation like the GRACE and GRACE-FO satellites.

The orbit optimization of the Bender constellation is a complex problem. For individ-
ual satellite pairs, we could use the Nyquist-type rule introduced in [26] or its revised
version presented in [27]. For a Bender constellation, [28] proposed to use a genetic algo-
rithm. 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 [28,29]. For this reason, a new orbit selection approach that aims at op-
timizing the spatial sampling of the Bender constellation for multiple temporal resolutions
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[30] was developed. The approach was successfully used for generating the orbits in a
number of ESA-funded simulation studies [31-33].

NGGM can be understood as one of the Bender pairs of the MAGIC constellation,
providing either global coverage via the polar pair or enhanced coverage of the mid-lati-
tudes through the inclined pair. In this case, the combination of NGGM with a second pair
is under study together with NASA to arrive at the MAGIC constellation. The global user
community requirements were identified by the Joint NASA/ESA Ad-hoc Science Study
Team (AJSST) composed of US and European representatives of the global scientific com-
munity, for a univocal consolidation of the threshold and target user requirements and
initial mission requirements for observation systems orbiting at different altitudes. The
Mission Requirements Document (MRD) includes user and application needs in user com-
munity reports from the IUGG [29], the NASA/ESA Interagency Gravity Science Working
Group [34], the US Decadal Survey for Earth Science and Applications from Space [35]
and other recent work cited in the MRD. A full science traceability matrix can be found in
Appendix A of the MRD [36].

The spatiotemporal mapping shall be such that atmospheric, ocean and ocean tide
(AO + OT) signals and/or errors can be decoupled from signals from other Earth system
constituents (ice, hydrology, oceans and solid Earth), taking into account possible aliasing
periods. Notably, a double satellite pair mission concept has the intrinsic potential to re-
trieve the full atmosphere, ocean, hydrology, ice and solid Earth (AOHIS) signal in con-
trast to a single-pair mission, where tailored postprocessing further reduces the signal and
is not able to achieve the same resolution and performance as a double-pair mission with-
out postprocessing [31].

Following the orbit optimization problems, the methodology to derive the engineer-
ing system requirements is presented: the paper also addresses the mission-enabling tech-
nology (i.e., propulsion) and corresponding instrument performances, the accelerometer
selection for the selected set of orbits and the drag compensation solution and its versatil-
ity in order to address the entwined impact of different levels of drag compensation de-
signs and related orbit altitudes on the mission performance.

2. Orbit Selection Approach

The satellites’ altitude is a key parameter for spatial and temporal sampling. A drag
compensation system can also maintain the altitude and offers the opportunity to select it
such that the spatial and temporal sampling is optimal for the gravity field retrieval. This
is an important difference with respect to the GRACE and GRACE-FO missions, where
the orbits were allowed to drift naturally and, consequently, the satellites slowly decayed
over time due to atmospheric drag. Here, we describe an approach for the selection of
orbits of two satellite pairs flying in a Bender constellation [24], where one pair is placed
in a polar orbit and the other one in an inclined orbit with an approximate inclination of
70°. This approach was used to define constellations that were investigated in the recent
mission simulation studies [31,32] funded by ESA and also analyzed together with JPL in
[37].

To serve the needs of the broad range of users of time-variable gravity field models
[29], our objective is to optimize the constellation’s spatial sampling for the recovery of
mass change signals in a range of temporal scales. The orbit selection is therefore closely
related to the characteristics of the mass change signals in space and time, which are real-
istically represented in the Earth system model (ESM) [38,39]. These characteristics are
illustrated in Figure 1, which shows the amplitude spectral density (ASD) of the combined
nontidal mass change signals in the atmosphere, oceans, land hydrology, land cryosphere
and solid Earth. The ASD was calculated for each spherical harmonic coefficient of the
time-variable gravitational potential using Welch’s method [40] and then averaged per
degree.
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Figure 1. Amplitude spectral density of the spherical harmonics of the time-variable gravitational potential due to nontidal
mass change in the atmosphere, oceans, land hydrology, land cryosphere and solid Earth inferred from the ESM.

Figure 1 shows large day-to-day mass change signals, which originate to a large ex-
tent from the atmosphere and oceans [39]. Since the daily spatial sampling is a conse-
quence of the period of the orbiting satellite and of the fact that Earth makes one full ro-
tation per day, densifying the daily spatial sampling can only be achieved with more sat-
ellite pairs. In the gravity field model retrieval, one may use the Wiese approach [41] or
the daily Kalman filter method [42] for the (co)estimation of daily gravity field models.
Mass change signals with a period of a few days are significantly smaller than the day-to-
day ones. In a sense, it takes a few days before the accumulated mass change signal is
large enough to become appreciable and, thus, worthwhile to account for in a gravity field
model. In contrast to the one-day period, it is, however, possible to optimize a constella-
tion for the retrieval of gravity field models spanning a few days. Simulations by [32]
demonstrated that the Bender constellation in combination with a certain accuracy level
of the instruments allows the estimation of 3-day gravity field models, even though the
spatial sampling is sparse due to the limited number of orbital revolutions within that
period. For periods longer than three days, the amplitude of the mass change signals and
the number of orbital revolutions increase further. Hence, it is expected that it will be
much less challenging to find a constellation that offers a sufficiently dense spatial sam-
pling for the retrieval of, e.g., monthly gravity field models, and capturing the time-vari-
able signal within the month at shorter intervals will also improve monthly models.

Since we aim for optimizing the spatial sampling at multiple temporal resolutions
(daily to weekly, monthly to seasonal and long-term trends), we need a tool to assess the
spatial sampling as a function of time and altitude, where the latter is the parameter that
we select in the optimization process. In the following, we introduce two graphs for that
purpose: the first graph will guide the selection of the altitudes of the individual satellite
pairs, and the second is used for fine-tuning of the selected altitudes, such that the inter-
leaving of the ground tracks of the two satellite pairs remains fixed for one of the temporal
resolutions.

Generally, the satellites for measuring the gravity field need to orbit as low as possi-
ble because the magnitude of the gravity field is stronger at lower altitudes. To spend as
much time as possible at low altitudes, circular orbits are preferred. To enable the retrieval
of gravity field models with a high resolution in space and time, we need to achieve a
dense spatial sampling with a minimum number of orbital revolutions. To analyze the
denseness of the sampling, we exploit the fact that the ground tracks of two arbitrary rev-
olutions of a circular orbit differ mainly in longitude at the equator. We simplify by con-
sidering only the ascending tracks, i.e., the half of the ground track where the satellite is
orbiting northward. Obviously, the spatial sampling is as dense as possible when the in-
tersections of the ascending tracks at the Earth equator are evenly distributed along the
equator. This is illustrated in Figure 2, which shows 31 ascending tracks of a circular orbit
with a semimajor axis of 6,718,085 m and an inclination of 70°. The intersections of the
ascending tracks and the equator, to which we refer as ascending equator crossings in the
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following, are marked by red dots. Since they are almost evenly distributed, the spatial
sampling is near homogeneous; i.e., it is almost as dense as possible for that number of
orbital revolutions.

80 o =
f et e 2

-150° -100° -50° 0° 50° 100° 150°

Figure 2. Ascending tracks (blue lines) of a circular orbit with a semimajor axis of 6,718,085 m and
an inclination of 70°. Ascending equator crossings are marked by red dots.

To quantify the denseness of the spatial sampling at a predefined number of orbital
revolutions, we define the ground track homogeneity h;.
— A)Lma)c,l (1)
AAmin,l

hy

h; is the ratio of the largest and the smallest difference between adjacent ascending
equator crossings, denoted by AA,,,,; and A, respectively, where [ is the number
of orbital revolutions. The value h; = 1 indicates that the ground track repeats every [
orbital revolutions, which is the definition of a repeat orbit. Values larger than unity, but
still close to unity, indicate near-repeat orbits. In the following, we describe how to calcu-
late the homogeneity h;.

We start with the difference in longitude between one ascending equator crossing
and another after n orbital revolutions,

Aty = (0 — w)nT, )

where Q is the secular motion of the ascending node, w is Earth’s mean angular velocity
and T is the orbital period. The secular motion of the ascending node is defined as

. 3 R*VGM

0= ——7]2 cos i, 3)

2a7/2(1 — e?)2

where GM is Earth’s gravitational constant, J, is Earth’s dynamical form factor, R is the
equatorial radius of the Earth (6.3781366 x 10 m), a is the semimajor axis of the orbit, e
is the eccentricity of the orbit and i is the inclination of the orbit. The orbital period is

@ @
T =21 |—,
oM
which remains practically constant as an orbit maintenance and/or drag compensation
system can ensure the spacecraft’s target altitude.
Let A, denote the longitude of the kth ascending equator crossing, which we may
freely select. Then, the longitudes of all other ascending equator crossings can be calcu-
lated by

Ajin = A + Ay ®)
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Alternatively, we could determine the longitudes of the ascending equator crossings
through orbit integration. Successively, we sort the first k longitudes in ascending order,
so that they form a monotonously increasing sequence.

{Asorted,lﬂ s Asorted,k} = sort({Ay, ..., A }) (6)

The largest and the smallest difference of the cyclic sequence of sorted longitudes are

J— o
AAmax,k - max({/lsorted,z - Asorted,lﬂ (L Asorted,k - Asorted,k—lt Asorted,l +360° — Asnrted,k}) (7)
and
J— y o
AAmin,k - mln({/lsorted,z - Asorted,l' 'Asorted,k - Asorted,k—lt Asorted,l +360° — Asorted,k})' (8)

40°

n w
[=) o
o o

Difference in longitude
o

0°

respectively. Since we are interested in the denseness of the spatial sampling, we calculate
these differences for k = 1,..., K orbital revolutions to find when the largest difference in
longitude is notably reduced, i.e., when the spatial sampling densifies. Both differences
are bounded by 360°/k, which is the lower bound for A, and the upper bound for
AApin - Figure 3 illustrates the differences and the bounding value of 360°/k for the first
90 orbital revolutions of the circular orbit presented in Figure 2. The differences typically
remain constant for a number of orbital revolutions before they are notably reduced, i.e.,
they depart from the bounding value of 360°/k and then make a step back towards that
value. To find such steps, we check when the largest difference in longitude is reduced
from one orbital revolution to the next one, more than its lower bound; i.e., we search for
the index [, for which

360°  360° _ . 360° ;
-1 | ~Urmexml gy ©)

A)Lmax,l < A}Lmax,l—l -

| ! I I \
10 20 30 40 50 60 70 80 90
Orbital revolutions

Figure 3. Largest and smallest differences in the longitudes of the ascending equator crossings of a circular orbit with a
semimajor axis of 6,718,085 m and an inclination of 70°. Black circles mark the largest differences that are notably smaller
than those of the preceding orbital revolution. The black line represents the lower and upper limits for the largest and smallest
differences, respectively, and represents exact homogeneity for each repeat period with the indicated number of orbital rev-

olutions.

The differences that fulfill Equation (9) are marked by black circles in Figure 3. We
calculate the ground track homogeneity only for these differences, which we signified by
using the same index [ in Equations (1) and (9). In this way, we identify at which numbers
of orbital revolutions the ground track is near homogeneous, i.e., when we achieve a dense
spatial sampling with a minimum number of orbital revolutions.

Since the altitude is the parameter to optimize, we calculate the homogeneity for a
large number of orbits whose orbital elements are identical except for the semimajor axis.
In practice, we repeat the calculations for all values of the semimajor axis in the range
from a; to a, in steps of Aa. While the range is typically predefined, we need to select
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the step size Aa. For that purpose, we determine how much the longitude of the last as-
cending equator crossing, Ay, changes when the semimajor axis is altered by Aa. This
change in longitude, denoted by AAA, can be derived from the differential of Equation

)

AAL, = TaQA +(Q aTA (10)
n=n aaa ( a))naaa
where
a0 21 J,W/GMR? _
—=———————cosi (11)
da 4 a%?(1 - e?)?
and

oT a
=3 | 12
90 "M (12)

We select the step size Aa such that the longitude of the last ascending equator cross-
ing changes at most by
360° 360°  360°
K-1 K KK-1)

AMy = (13)
which is the smallest possible reduction of AA,,,, from the second-last to the last orbital
revolution. In this way, we found the step size Aa = 8.35 m for semimajor axes in the
range of 6718-6888 km, which corresponds to an altitude range of 340-510 km, and K =
800 (50 days). On the left, Figure 4 presents all homogeneity values h; < 3 in that alti-
tude range within a time span of 1-50 days. This graph is particularly useful for selecting
the altitude of the individual satellite pairs of the constellation. We only have to draw a
horizontal line into the graph to identify whether an altitude provides small homogeneity
values, i.e., a dense spatial sampling, for the desired time spans and obtain an overview
of the achievable subcycles offered by the selected altitude.

Generally, the graph in Figure 4 reveals that for shorter time spans small homogene-
ity values stretch over much larger altitude ranges than for longer time spans. At three
days, for example, homogeneity values h; < 1.5 stretch from 406 to 433 km, i.e., over an
altitude range of 27 km. This altitude range offers many other small homogeneity values
at longer time spans, which gives flexibility for optimizing the spatial sampling at multi-
ple temporal resolutions. We propose using this flexibility to optimize the constellation in
the following way: First, we note that the ground track will shift by

A)lshift,l =As1— M (14)

after [ orbital revolutions. Figure 5 shows AAgp;fy; for the homogeneity values h; < 3,
which are illustrated in Figure 4. For homogeneity values equal to 1, which correspond to
repeat orbits, the ground track shift is obviously zero. Generally, homogeneity values
close to 1 result in small ground track shifts.
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Figure 5. Ground track analysis graphs for circular orbits with an inclination of 70°: ground track
shift in longitude per subcycle period represented on the x-axis.

The first step of the constellation optimization is the selection of the shortest period
that is longer than one day and shall be resolved by the gravity field modeling. Since the
spatial sampling is obviously less dense for shorter time spans, we select altitudes of the
satellite pairs such that both their ground tracks exhibit the same AAgp;f,; within that
short period. Then, the crossover points of the satellite pairs” ground tracks will shift in
longitude by AAg;s; after | orbital revolutions, whereas their latitude will not change.
In a sense, the interleaving of these ground tracks for a single pair of satellites will nearly
repeat every [ orbital revolutions, such that the density of the spatial sampling within
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that short period does not change over time. This feature ensures a constant quality of
gravity field models for each chosen estimation period, which is an important benefit for
emergency and operational applications and services.

Since we only require that Adgp;r,; is the same for both satellite pairs, we still have
the flexibility to select the altitudes such that the orbits offer near-homogeneity values at
longer periods. In practice, we create plots of the homogeneity and ground track shift as
shown in Figures 4 and 5 for both satellite pairs. Then, we search for the altitudes that
offer near-homogeneity values for a number of periods, which relate to the desired tem-
poral resolutions (for example, 1 week and 1 month), and fulfill the constraint that the
ground track shift of the shortest period longer than one day is the same for both satellite
pairs. Thus, the combination of the two plots as illustrated in Figures 4 and 5 enables us
to optimize the sampling of each individual pair as well as the constellation. The latter
optimization can be achieved by interleaving the sampling of the second pair at the equa-
tor in between the sampling of the first one, resulting in an effective doubling of the spatial
resolution, which can be achieved for a given period.

As mentioned before, the orbits used in several ESA studies were selected by the
approach described in this section. For example, [31] based their simulations on orbits
with inclinations of 70 and 89° and altitudes of 355 and 340 km, respectively, and a ground
track shift of 1.3° every 7 days. In addition to the period of 7 days, the orbit with an incli-
nation of 70° offered a near-homogeneity value of 1.1 at 19 days, whereas the orbit with
an inclination of 89° offered a near-homogeneity value of 1.1 at 18 days. Thus, the sam-
pling was optimized for the retrieval of weekly as well as 18-19-day gravity field models.

3. Application to the MAGIC Mission

The approach described in the previous section was used to identify a starting set of
orbits for the Phase A studies of the NGGM mission concept. Achieving accurate and
purely satellite-based solutions on daily to weekly time scales is not possible with the
current generation of gravity missions. MAGIC aims at responding to this objective to
improve current models and in particular to introduce the capability to support monitor-
ing and mitigating extreme events. For this reason, particular attention was paid to
weekly/subweekly subcycles in the MAGIC orbit candidates’ selection process. Another
benefit of the choice of these near-homogeneous short periods is that, for example, weekly
variations within each month are separable from the monthly variations, thus resulting in
improved monthly solutions.

The so-called Bender constellation consisting of two satellite pairs flying at two dif-
ferent orbit inclinations was identified as the most promising concept to meet the global
user community requirements and is currently the baseline for MAGIC. This constellation
type is favored over other formations due to its good performance for the gravity field
retrieval and its implementation options allowing different spatial resolution results to be
obtained for different periods. As stated in version 1 of the Mission Requirements Docu-
ment (MRD) [36], the constellation shall consist of two pairs: the first one in a near-polar
orbit and the second one with an inclination between 65 and 70°. A deviation from these
inclinations, such as up to 75°, can be investigated if another orbit sampling/coverage is
favorable for specific applications. In addition, the mission shall provide a near-homoge-
neous sampling over a subcycle of 3-7 days. To quantify the density of the spatial sam-
pling at a predefined number of orbital revolutions, we can use the ground track homo-
geneity parameter (h;). In order to select the optimal orbits for the two pairs, it is necessary
to search for the altitudes that offer small homogeneity values for a number of periods
common to both, which relate to the desired temporal resolutions and fulfill the constraint
of the same ground track shift for both pairs at the targeted subweekly subcycle. Thus, the
combination of the homogeneity and ground track shift in longitude and the interleaving
of the sampling of both pairs at the equator enables optimized sampling of the individual
pairs as well as the constellation.
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In this section, we discuss the orbit candidates for a polar pair (PP) and an inclined
pair (IP), which we have identified using the method introduced in Section 2. The orbits
are assumed to be at a constant mean altitude over the mission lifetime and the solutions
are optimized for 5- and 7-day subcycles. Beyond this subweekly sampling, the presented
scenarios offer at least another subcycle between 28 and 32 days, which guarantees for
monthly solutions a near-homogeneous ground track as well. The ground track homoge-
neity is considered to range between 1.0 and 1.5 as a goal and 1.5 and 2.0 as a threshold.
Since shorter periods have a lower ground track density than longer periods for the same
value of h;, the subweekly samplings are selected with a more rigid constraint of h; <1.5.

A large number of inclinations are introduced to illustrate the sampling capabilities.
Inclined pairs are studied for inclinations of 65, 67, 70 and 75°, while polar pairs are inves-
tigated for 87, 88 and 89°. For the polar pair, a high inclination is preferred to avoid polar
gaps. However, in this initial phase, lower inclinations (e.g., 87 and 88°) were also intro-
duced to provide a broader range of sampling options for the two pairs.

3.1. Five-Day Subcycle

Table 1 lists near-optimal orbits for the 5-day subcycle sampling for the inclined and
polar pair. In order to create a good constellation encompassing the inclined and polar
pair, it is necessary as a first approximate step to choose between the different listed cases,
selecting the combinations with minimal difference in longitude shift. When doing so, for
each targeted subcycle, the two pairs could have an overlapping ground track crossing at
the equator, or, probably better, interleaved tracks filling in gaps from the first pair by the
second pair.

Table 1. Orbit options for inclined pairs (IP) and polar pairs (PP) optimized as a first step for a
subcycle of 5 days and a monthly subcycle between 28 and 32 days.

Satellite 5-Day Subcycle
Pairs Altitude (km) Time Period (days) h; (- Adgpife (deg)
IP: 65° 388 4.871 1.403 1.622
396 4.879 1.397 -1.499
393 4.877 1.144 0.636
IP: 67° 453 4.877 1.203 0.827
457 4.881 1.157 -0.722
397 4.882 1.168 0.736
IP: 70° 457 4.882 1.218 0.880
461 4.886 1.146 -0.673
352 4.898 1.417 -1.652
IP: 750 405 4.891 1.157 0.692
465 4.891 1.185 0.762
469 4.896 1.173 -0.794
370 4918 1.148 -0.647
PP: 87° 423 4912 1.375 1.523
425 4914 1.167 0.733
372 4.921 1.171 -0.741
PP: 88° 374 4.923 1.384 -1.537
490 4.919 1.145 —0.669
368 4916 1.426 1.566
376 4.925 1.411 -1.631
PP: 89° 434 4.924 1.383 -1.458
488 4917 1.190 0.781

492 4921 1.172 -0.790
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Figure 6 illustrates an example of the ground tracks after 5 days for one of the opti-
mized scenarios listed above. In particular, this figure shows the accumulated ascending
ground tracks in 5 days for an inclined pair at 396 km and 65° of inclination and a polar
pair at 434 km and 89°. In this example, the orbits are chosen in order to have an overlap
of the ground track position of the satellites (inclined and polar pairs) at the ascending
node (on the left in Figure 6) or to have interleaved positions at the equator to enhance the
spatial sampling (on the right in Figure 6). Ground track near homogeneity for the two
altitudes and inclinations is shown in Figure 7.
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Figure 6. Ascending ground tracks after 5 days for an inclined pair at 396 km and 65° of inclination (blue) and a polar pair
at 434 and 89° of inclination (grey). This coincides with the scenario 5d_Ma from Table 3. Two subsequent passages are
highlighted with full (most recent) and shaded (past) color markers at the equator. Left: both pairs have the same equator
crossings in the top global view and zoom in at the bottom. Right: both pairs have the interleaved equator crossings in the
top global view and zoom in at the bottom.
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Figure 7. Ground track near homogeneity for the two altitudes and inclinations of the previous.

3.2. Seven-Day Subcycle

Table 2 lists the near-optimal orbits of the inclined and polar pair for the 7-day sub-
cycle sampling. As it can be observed, the number of possibilities is reduced with respect
to the 5-day scenario. This is due to the ground track homogeneities, which are more sen-
sitive to changes in altitude for longer subcycles. The latter can also be seen from Figure
4, where the altitude ranges, over which small homogeneity values stretch, appears recip-
rocal to the length of the subcycles.
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Table 2. Orbits for inclined pairs (IP) and polar pairs (PP) optimized for a subcycle of 7 days and a
monthly subcycle between 28 and 32 days.

Satellite 7-Day Subcycle
Pairs Altitude (km) Time Period (days) h; () Adgpire (deg)
IP: 65° 428 6.854 1.258 -0.757
IP: 67° 474 6.859 1.219 -0.723
389 6.861 1.238 0.743
IP: 70° 432 6.862 1.218 0.670
478 6.866 1.203 -0.669
IP: 75° 397 6.875 1.222 0.696
486 6.879 1.266 -0.870
378 6.911 1.243 -0.751
PP: 87° 417 6.906 1.253 0.786
462 6.910 1.215 -0.643
419 6.909 1.204 0.642
PP: 88° 461 6.908 1.284 0.851
464 6.913 1.277 -0.804
PP: 89° 463 6.911 1.226 0.692

3.3. Recommended Orbits

Based on previous Tables 1 and 2, it is possible to identify specific sets of orbits that
are nearly nullifying the difference in the ground track longitude shifts for certain sub-
weekly subcycles (Table 3). The inclinations and/or altitudes in Table 3 can be fine-tuned
to make sure that the longitude shifts of the two pairs have an exact match. For example,
in the worst case of scenario 3d_M, it would require a + 0.2° change in inclination or a 321
m change in altitude for the inclined pair. See Appendix B for the full table of matching
combinations. The 5- and 7-day subcycle scenarios are identified by “5d” and “7d”, re-
spectively. The scenario ID is supplemented by “M” for medium and “H” for higher alti-
tudes. These IDs are associated with having one or two sets at altitudes approximately
between 400 and 450 km and over 450 km, respectively. Altitudes over 500 km are not
recommended due to the too low sensitivity to the gravity signal and to the limit in achiev-
ing the user needs as shown in the Appendix B of the MAGIC MRD [36]. For complete-
ness, two scenarios optimized for 3 days are also introduced in the following table to pro-
vide additional options, should higher priority be given to short time scales for example
for near-real-time applications. As additional information, the last column of Table 3 pro-
vides a list of all the common subcycles achievable by both pairs. As previously men-
tioned, all the recommended scenarios include at least one subcycle between 28 and 32
days. As discussed before, higher importance is given to the homogeneity at short time
scales. A more detailed version of Table 3 is provided in Appendix A.

Figure 8 illustrates the sensitivity to altitude changes (+2 km) around the altitudes of
the 5d_Ma orbit candidate, while Table 4 quantifies the variations for i and longitude
shifts for all the recommended orbits. The change in homogeneity and longitude shift of
the 3-day subcycles can be around 2 and 5 times less sensitive to a change in altitude than
the 5- and 7-day examples, respectively.
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Table 3. Candidate orbit sets for inclined and polar pairs recommended for further investigation. The ID shows the num-
ber of subcycle days for which the set is optimized as a first step and additional information about the altitudes: mid (M)

and high (H).
D S Alshife2
ats 1 (IP) Sats 2 (PP) h;; () h;; () Adgpifes (deg) (deg) Subcycle (days)
Incl. Incl.
Alt. (km Alt. (km
(fem) (deg) (fm) (deg)
3d_M 409 70 440 89 1.368 1.383 2.308 2.384 2,3,8,11,30
3d_H 432 70 463 89 1.451 1.449 -3.076 -3.067 3,7,31
5d_Ma 396 65 434 89 1.397 1.383 -1.499 -1.458 2,3,5,13,18, 31
5d_Mb 397 70 425 87 1.168 1.167 0.736 0.733 2,5,27,32
5d_H 465 75 488 89 1.185 1.190 0.762 0.781 4,5,29
7d_M 389 70 417 87 1.238 1.253 0.743 0.786 2,7,30
7d_H 432 70 463 89 1.218 1.226 0.672 0.692 3,7,31
IP: Homogeneity nearby 396 km (65 deg) IP: Longitude shift nearby 396 km (65 deg)
3 or 3 days
' 2
— g
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Figure 8. Altitude sensitivity for scenario 5d_Ma. Homogeneity (left) and longitude shift (right) variations within +2 km
of the selected altitude. The 3-day and 5-day subcycle lines are shown in yellow and green, respectively.

The values are estimated at the scenarios’ altitudes, and the ones between brackets
are for subcycles with 2< /i <3. The consequences of the altitude variation are given to
provide relevant information for the system design and further scientific studies.

The orbit inclination is a less strict parameter and nearly does not change over the
mission lifetime. However, if a change in inclination would be required, it is important to
know that inclination changes of +1° for subcycles of 3, 5 and 7 days can modify the
ground track homogeneity with an average 0.07, 0.15 and 0.26 deg™, respectively. This
further confirms the higher stability of 3-day solutions and the low influence of the incli-
nation changes on the homogeneity also for longer subcycles.
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Table 4. Sensitivity of the near homogeneity and longitude shift of orbit candidates to altitude
changes. The values are estimated with a linear fit at the scenarios” altitudes for the represented
range of altitudes (+2 km). The values between brackets are associated with subcycles with 2 <hi <
3 (less homogeneous subcycles).

ID hi Variation (km-) AAsnise Variation (deg km)

3 days 5 days 7 days 3 days 5 days 7 days
3d_M -0.05 (0.31) - -0.23 (-0.39) -
3d_H 0.04 - -0.21 -0.23 - -0.54

5d_Ma -0.07 0.13 - -0.23 -0.39 -

5d_Mb (-0.10) -0.10 - (-0.23) -0.39 -
5d_H (0.08) -0.11 - (-0.23) -0.39 -
7d_M - (-0.19) -0.19 - (-0.39) -0.55
7d_H 0.04 - -0.21 -0.23 - -0.54

4. Instrument Sensitivity, Accelerometer and Drag Compensation Assessment

The aim of NGGM as part of the MAGIC constellation is to obtain relatively high-
resolution measurements in space and time, including the capability to determine and
separate the contributions in the variations of the gravity field due to mass change in ter-
restrial water storage (i.e., for hydrology thematic field), cryosphere, oceans, solid Earth
and climate change signals. This capability enables the mission to serve science and oper-
ational applications, including services. The user requirements in [29,34] have been estab-
lished based on an exhaustive list of mass change signals for each of the thematic fields of
interest listed above and are expressed as cumulative equivalent water height (EWH) er-
ror thresholds/goals per spherical harmonic (SH) degree of expansion of the Earth gravity
field model. Such requirements form the basis for deriving observation requirements.

We describe here a tool that helps in trading off between technical feasibility and
fulfilling user requirements for the accuracy and spatiotemporal resolution of the gravity
field solutions taking into account the heritage from previous missions and engineering
knowledge of specific technology to be embarked on the satellites. Thus, the scope is to
search for the acceptable noise level of the ranging and acceleration observations in de-
pendence on altitude and intersatellite distance. These two mission parameters have an
unavoidable impact on the mission design and performance: a lower altitude implies a
(multiaxis) drag compensation, and a larger intersatellite distance reduces the impact of
accelerometer noise but changes the sensitivity to small-scale gravity signals.

The search space for the space segment design is rather vast. Thus, in order to assess
which user requirements can be fulfilled, according to their prioritization, semianalytical
simulations of error propagation for different sensor systems have been performed for a
single, polar satellite pair, disregarding temporal aliasing (obviously tackled at constella-
tion level) and focusing on the estimation of covariance matrices of the SH coefficients
[43,44]. Such simulations test the impact of nominal intersatellite distances between, e.g.,
dmin = 50 km and dmax = 300 km, and different mission altitudes between hmin = 300 km and
hmax = 500 km, taking into account current and future instrument technology and mission
limiting factors, such as limited onboard resources (if orbiting too low) or limited instru-
ment sensitivity (if orbiting too high). The driving design choices for the space segment
are related to the range observations for the relative distance measurements between a pair
of satellites and the acceleration observations for the measurement of nongravitational ac-
celerations acting on the individual satellites, and they are combined at formation orbiting
satellite pair level. Depending on the design and control of the satellites, additional infor-
mation such as attitude knowledge may be required to apply corrections to the aforemen-
tioned observations. From both observables, the sensitivity level of the instrument/sensor
is expressed in terms of amplitude spectral density (ASD) of their correlated noise. For
sake of the preliminary sensitivity analysis, the noise ASD of the observables can be sim-
plified as follows: For the satellite-to-satellite tracking instrument devoted to the range
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observations, the following simplified equation can be written, as a function of the fre-
quency f:
k., forf =10mHz

ASD(Sd(f)range) = % fOT'f <10 mHz [m/\/HZ] (15)

where k- expresses the parametric performance of the tracking instrument. Similarly, for
the accelerometers, we can write

) ]IE—‘; for f <1mHz m/2
ASD(8d(f)acc) = ke for1<f < 100 mHz [ ’ \/E] (16)

ko f? for f =100 mHz

where k. expresses the white noise performance in the measurement bandwidth. More
complicated and realistic models can be used for refined analyses later on (see [29] and
Section 4.1).

Focusing on the definition of the requirements for the sensors and instruments, sev-
eral matrices were produced where the observable noises are represented as a function of
the altitude and of the satellite separation, as in Table 5. The selected set of user require-
ments —assumed during the ESA Phase 0 studies —that are linked directly with the exam-
ple in Table 5 are stated in terms of geoid accuracy, namely 1 mm accuracy at 3-day inter-
vals with 500 km spatial resolution and 10-day intervals with 150 km spatial resolution.

Table 5. Preliminary satellite-to-satellite tracking (top) and differential accelerometer (bottom) sen-
sitivity requirements for a selected set of user requirements [34]. Instrument noise is expressed as
nm/VHz, accelerometer noise as orders of m/s?/YHz. “Heat” colors mean “higher” instrument/sen-
sor complexity. The symbol o(X) indicates the order of magnitude (smaller than or equal to the X
value, if not specifically specified) of the differential accelerometer measurement requirements.

Sat. dist. [km] 50 100 200 300
Altitude[k

300 >>10 >>10 <10 <10
350 <10 <10 <1 <1
400 >1 <1 <1 <1
450 <1 <1 <1 <1
500 <1 <1 <1 <1

600 <1 <1 <1 <1
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Sat. dist. [kml] 50 100 200 300
Altitude[k

300 o(E-12)  o(E-11)  o(E-11)  o(E-11)
350 o(E-12)  o(E-12)  o(E-11)  o(E-11)
400 o(E-13)  o(E-12)  o(E-12)  o(E-12)
450 <o(E-13) <o(E-13) o(E-12)  o(E-13)
500 <o(E-13) <o(E-13) <o(E-13) <o(E-13)
600 <o(E-13) <o(E-13) <o(E-13) <o(E-13)

The preliminary requirements of the satellite-to-satellite tracking (SST) instrument
and of the differential accelerometer performance (i.e., the difference between each satel-
lite’s accelerometer measurements projected along the virtual line connecting the centers
of mass of the two satellites) are shown for all combinations of altitude and intersatellite
distance in terms of the maximum noise level at which the requirements mentioned before
are still fulfilled. Thus, the instrument requirements are derived directly from the fulfill-
ment of the selected user requirements in terms of errors at the different SH degrees and
at different temporal scales (from daily to monthly solutions, up to long-term trends). To
meet the user requirements, the noise level of the instruments shall therefore be lower
than the values listed in the matrices of Table 5. The mission scenario is consequently
given by the combination of the boxes of the ranging instrument and accelerometer at the
selected altitude and intersatellite distance. Every possible mission scenario has a color
code according to the needed level of sensitivity (grey = technologically not feasible, or-
ange = major technological improvements needed, yellow = minor technological improve-
ments needed, green = achievable with existing technology), with different granularity
within the same level.

In the top part of Table 5, we can observe that shorter distances are beneficial for the
ranging, where distances of 50-100 km at an altitude of 300 km fulfill the requirements
with existing technology. Further, we find that altitudes of 500 km and higher cannot meet
all the user requirements with existing ranging technology or minor improvements
thereof. Orbiting at such a low altitude for years is challenging and may result in a com-
plex mission design. But even if orbiting for years at such low altitude is not feasible, it
does not mean that the mission cannot be done. In fact, a subset of the initial user require-
ments—or a different set of them —can be fulfilled when orbiting higher and with differ-
ent intersatellite separations, also enabling trade-offs for a relaxation of the instrument
and/or sensor requirements. Then, the exercise can be repeated starting from different sets
of orbits in Table 3, up to a preliminary verification of the user requirements with new or
updated ranging instrument and accelerometer performances.

The design methodology based on the system-sizing parameters in Table 5 has al-
lowed identifying the mission scenarios studied during the feasibility assessment of the
NGGM mission. The preliminary design of the NGGM satellite pair has targeted the most
challenging scenario in a low (300 to 350 km) and generic (not sun-synchronous) circular
orbit, embarking a high-accuracy laser ranging instrument (named laser tracking instru-
ment) and ultrafine accelerometers, implementing a drag compensation system combined
with an attitude, pointing and “loose” formation orbiting control. This corresponds to an
intrinsic higher sensitivity of the instrument at low altitude where the gravity signal is
stronger. The best compromise for the intersatellite separation among mission perfor-
mances, acceleration sensitivity (where a large separation is preferable) and laser ranging
instrument performance (where a medium/short separation is desirable) has been found
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around a baseline value of 100 km at these low altitudes. This intersatellite distance may
need to be re-evaluated for higher altitude ranges.

4.1. Accelerometer Selection and Drag Compensation Assessment

The successive step concerns the selection of the suitable sensors compliant with the
required accuracy specified in Table 5, demanding a ranging instrument able to capture
the intersatellite distance variation with the resolution of few nanometers (described in
Section 4.2). Focusing on low altitudes, the current intersatellite distance baseline has been
set around 100 km (as per Section 4): for distances in the range of 70-100 km, the NGGM
performance is relatively constant, and lengths > 100 km do not provide any benefit in
terms of variable gravity field recovery [44]. The most suitable instruments with a perfor-
mance better than 10-!! m/s?/\Hz (in green in Table 5, bottom) are the GOCE GRADIO
accelerometers, whose specifications are compared in Table 6 to the GRACE SuperSTAR
accelerometer. Both instruments were developed by ONERA and are described in [45]
and [46].

Table 6. GOCE GRADIO and GRACE SuperSTAR accelerometer specifications.

Parameter GOCE GRADIO GRACE SuperSTAR
Mass (kg) 9.4 114
Volume (L) 10.6 13.7
Power consumption (W) 10.5 8
Range (m/s?) 6.6-10°¢ 5105
Noise floor in MBW (m/sz/\/Hz) 3-10-12 10-t0
MBW (mHz) 5-100 0.1-40
Bias (m/s?) 1.3-107 1.6-105
Bias thermal sensitivity (m/s?/°C) 7.9-101 5.7-10-°
Scale factor thermal sensitivity (1/°C) 18-10-¢ 2.11-10°3

The targeted differential nongravitational acceleration requirements can be only
achieved taking into account the in-orbit lessons learned from GOCE. The performances
of the GOCE GRADIO-class [47] accelerometers have been modeled considering the col-
ored noise of the analog-to-digital-converter of the capacitive detector (of the proof-mass
motion) at high frequency (>100 mHz), the estimated thermal drift at low frequency (<5
mHz) and the noise floor of 9.81-10-2 m/s2/NHz on the basis of the in-orbit measured noise.
The full noise level of a single accelerometer has been assessed with a bottom-up ap-
proach, taking into account the following:

- Accelerometer intrinsic measurement error;

- Accelerometer coupling errors with the spacecraft;

- Spacecraft-generated error (e.g., self-gravity effects);
- Geometric transformation errors.

These errors are combined linearly if correlated and with root square sum (RSS) if
uncorrelated. The same is done for the companion satellite, and the combined differential
nongravitational linear acceleration measurement can be computed as in Table 5 (bottom)
according to the logic presented in Figure 9.
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Figure 9. Relative differential nongravitational linear acceleration measurement error tree budget.

The noise floor of the differential nongravitational acceleration can be decreased to

some extent by optimizing the instrument, allowing for a better exploitation of the laser
ranging instrument in the millihertz region, where the accelerometer accuracy is the lim-
iting factor [28,29]. The new generation of MicroSTAR-class accelerometers, under devel-
opment at ONERA [45], is a promising candidate for NGGM. In fact, its performance can
be customized to the mission needs by optimizing the following parameters:

Shape and mass of the proof mass: a heavier and cubic proof mass can potentially
bring the performance along all three axes closer to the 10-3 m/s?/NHz noise floor (as
opposed to the GRACE and GOCE accelerometers, which offer only two ultraprecise
axes);

Increasing the gap between proof mass and electrodes (at the cost of a smaller dy-
namic range);

Changing the material and the stiffness of the proof-mass grounding wire, which
keeps the proof mass at the polarization voltage avoiding discharges and parasitic
electrostatic forces;

Redesign of the read-out and proof-mass control electronics, for decoupling the
measured translational and rotational motion of the proof mass.

Such new sensors will enable NGGM satellites to orbit at higher altitudes with a fine-

tuned intersatellite distance and with a higher sensitivity over a wider range of frequen-
cies, especially at the low end of the science measurement bandwidth. Accelerometer se-
lection and orbit altitude have to be traded off against the need for a drag compensation
system. For NGGM, the “drag” experienced by each satellite due to residual atmosphere
in the altitude range between 300 and 400 km can be modeled as in Figure 10, where the
in-track drag forces are reverted to accelerations for a GOCE-like satellite of 1 t mass.
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Figure 10. Drag acceleration profiles as function of the altitude. The curves are drawn for
min/mean/max solar activity confidence level at 95%. Courtesy TAS Turin (IT).

Drag accelerations have to be counteracted to ensure a good accelerometer perfor-
mance and to avoid saturation of the accelerometer measurements. For instance, acceler-
ations of 1-6 x 10 m/s? need to be compensated by thrusters on average in case of maxi-
mum solar activity. To guarantee the best accelerometer performance, also the cross-track
(Y-axis) and radial accelerations (Z-axis), which are one order of magnitude smaller than
the in-track drag acceleration, as well as the angular accelerations need to be compensated
by the drag-free formation, attitude and orbit control system (DFAOCS). Consequently,
all the engineering requirements of Section 5 have been derived for this worst-case sce-
nario.

One of the current subjects of study is the impact on the system and mission perfor-
mance when the system design deviates from this scenario, namely when one or more of
the engineering requirements are relaxed. As an example, since the errors in the Y- and Z-
axis acceleration components only enter the main measurement as projections on the ac-
celeration along the line of sight between the satellites, the corresponding specifications
could therefore be relaxed. Some further relaxation of the thrust requirements will result
from the concurrent actuation of the magnetic torquers, which are included in the design,
as implemented in the GOCE control. Yet another area of investigation is the attitude and
pointing control requirements. All these aspects will drive the final design, which will
anyway retain, as distinguishing features, at least the along-track drag compensation and
the laser beam steering by orienting the satellites. This avoids continuously moving mir-
rors, which degrade the performance of the measurement of the intersatellite distance
(changing the measured optical path and introducing noise in the measurements) and po-
tentially worsen the correction provided by the nongravitational accelerations.

4.2. The Laser Tracking Instrument Preliminary Design

The preliminary SST performances in Table 5 (top) can an achieved with a laser track-
ing instrument (LTI), which measures the intersatellite distance variation with a resolu-
tion of a few nanometers. The LTI will be a heterodyne Michelson interferometer, which
is particularly suitable for measurements over very long distances and operates with con-
tinuous wave sources at 1064 nm wavelength (282 THz). As opposed to GRACE-FO, the
LTI will be the primary payload of NGGM and specifically designed to match the laser
metrology performance, which means that the ultimate performance is due to the instru-
ment and not to other effects, such as a nonoptimal accommodation, environmental effects
(e.g., temperature fluctuations) and the dynamic effects of residual air drag.



Remote Sens. 2021, 13, 3935

20 of 32

At present, two interferometer schemes are under evaluation for MAGIC/NGGM.
The first is a transponder scheme inherited from the GRACE-FO LRI [48,49]. In such an
interferometer (see Figure 11), the laser beam transmitted by the follower satellite (Satel-
lite 2) is received by the leader satellite (Satellite 1) where it is “regenerated” by a second
laser source, phase-locked with a frequency offset (heterodyne frequency) to the incoming
beam, and retransmitted to Satellite 2. In the optical transponder scheme, a source with
limited optical power output of approximately 25 mW, provided directly by the master
oscillator, is sufficient to achieve the required signal-to-noise ratio on the photoreceiver.
On the other hand, two laser sources must be active simultaneously, one on each of the
satellites.
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Figure 11. Functional scheme of the optical transponder interferometer concept, where LH = laser head, CAV = optical
reference cavity for laser frequency stabilization, ICU = instrument control unit (including phasemeter), M1 = mirror 1, M2
= mirror 2, BS =beam splitter, P = photoreceiver, RR = retroreflector, and CoM = center of mass.

In the second interferometer concept, the optical transponder is replaced by a passive
retroreflector on Satellite 1, which intercepts the laser beam transmitted by Satellite 2 and
reflects it back. Here, an acousto-optic modulator on Satellite 2 generates the heterodyne
frequency, and also the photoreceivers detect the two beat signals produced by the inter-
ference of the laser beams: the combination of the photoreceiver outputs produces a si-
nusoidal signal with a phase proportional to the intersatellite distance variation. The
retroreflector scheme (Figure 12) requires a source with a larger optical power output of
approximately 500 mW, which is provided by a fiber amplifier stage after the master os-
cillator of the same power and quality as in the transponder scheme. In the retroreflector
configuration, the acquisition of the optical link between the satellites is significantly sim-
plified: it is sufficient to illuminate Satellite 1 with the laser to obtain the return beam, and
no laser frequency scan is necessary to bring the beat signal within the photoreceiver
bandwidth. Moreover, by replicating all the interferometer elements on both satellites,
these can be made identical, thus realizing a functionally fully redundant system. In case
of failure of the active part on Satellite 2, the position of the two satellites along the orbit
can be swapped, keeping the same orientation, and the measurement can continue with
the interferometer active on Satellite 1. All these features reduce the system complexity
and increase its robustness, which are key aspects for an operational gravity mission and
motivate a trade-off with the flight-proven optical transponder scheme [50].
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Figure 12. Functional scheme of the retroreflector interferometer concept (same nomenclature as in Figure 11).

For both concepts, the intersatellite distance variation measurement performance has
been assessed via a bottom-up approach in order to verify the compliance to the top-level
requirements in Table 5. For very low orbits of approximately 350 km and intersatellite
distances of 100 km, the LTI has to reach an accuracy better than 20 nm/vHz (threshold)
and 10 nm/\VHz (goal) in the measurement bandwidth. The error contributions are split
into laser interferometer and spacecraft coupling noise sources as shown in the error tree

in Figure 13.
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Figure 13. Intersatellite distance variation measurement error tree budget.

Each error source has been allocated and estimated as a current best estimate (CBE).
The budgets have been computed also for worst-case conditions (WC), when, e.g., the
maximum allowed separation between the satellite pair is reached and the measurement
is still possible with a minimum amount of received photons. More details on the budg-
eting for the two concepts can be found in [50]. Similar to the accelerometer, the errors
were combined linearly if correlated and with RSS if uncorrelated, but the LTI overall
performance is given by the combination of the error budgets originating from the indi-
vidual satellites since the LTI instrument is split—in the two different designs—between
the satellites of a pair.
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The ultimate limiting factor of the performance of both interferometer concepts is the
stability of the laser frequency v, which is the first error source in the budget of Figure 13:
a frequency variation dv induces a distance variation measurement error dd = d-(dv/v),
where d is the distance between the satellites (baseline 100 km). Consequently, to achieve
the required accuracy of the intersatellite distance measurement error, the laser frequency
stability spectral density of the master oscillator shall be better than 40 Hz/YHz (threshold)
and 20 Hz/VHz (goal) values [51]. The required stability can be achieved by locking the
frequency of the master oscillator to the resonance of an optical cavity made from low
thermal expansion material thermally insulated. Such a frequency stabilization system is
now flying on GRACE-FO, and an ad hoc design for NGGM is in progress in the ESA
technology program.

5. Single Satellite Pair System Engineering Requirements

The specific NGGM mission and system design will build on the experience of
GOCE, in particular for the design of the attitude and orbit control, GRACE, for the con-
cept of SST via precise metrology in low-Earth orbit, and GRACE-FO for the LTI. Whereas
Section 4 focused on the technology selection for the space segment to fulfill user require-
ments, we derive here the detailed engineering requirements. The NGGM mission re-
quirements were consolidated through a series of system studies and are summarized as
follows:

First of all, the scientific instrument of each satellite of the NGGM shall comprise a
laser interferometer (or a functional part of it), one accelerometer positioned at the center
of mass of the satellite or multiple accelerometers around it, GNSS receivers and a passive
retroreflector for laser ranging from the ground.

The operational lifetime for the NGGM satellite pair shall be 7 years as a goal, after a
commissioning phase of 6 months for both satellites. Orbiting at a constant mean altitude
during the entire mission lifetime is preferred over a variable altitude profile. Phase 0
studies identified that the lowest viable altitude is 340-350 km, which is compatible with
the sensitivity requirements (cf. Table 5) and with the resources needed for orbit mainte-
nance and drag compensation over the complete lifetime. The current baseline of the in-
tersatellite distance is set around 100 km as stated in Section 4.

The altitude shall be maintained as for the GOCE mission, within a range around a
specified value that will be selected to realize a controlled longitude shift of the ground
track as described in Section 3.

The engineering requirements for the satellite design derive from the top-level sys-
tem requirements formulated in Section 4. Figure 14 shows the ASD of the system meas-
urement requirements (threshold and goal) of the fundamental observables of the mis-
sion: the intersatellite relative distance variation and the projection of the differential
nongravitational acceleration along the satellite-to-satellite direction, based on the ul-
traprecise accelerometers such as the ones of the GOCE mission (cf. Table 6).



Remote Sens. 2021, 13, 3935 23 of 32

1407

E— 11077
'—— Threshold| = —— Threshold|

_ — Goal 5 [— Goal
3 3
=4 g
Z '~
E \ z
= 1407 g 1207
z B
3 £
= 2
2 Z
2 1x10 é 1107
- El
s 3
[=] o

o

=

11078 - 1407 — =
1xa07* 1x107° 001 01 1 107" 1x107° 001 01 !
frequency [Hz] frequency [Hz]

Figure 14. System measurement performance requirements. Left: intersatellite relative distance variation measurement
error. Right: relative nongravitational acceleration measurement error.

Successively, the fundamental observables of the mission shall be combined as un-
correlated spectra, as total measurement error ASD in acceleration units (m/sz/\/Hz):

00, (f) = J [6.()2nf)212 + 63, (F) (17)

where 84(f) (m) is the measurement error ASD of the intersatellite relative distance var-
iation and &p,..(f) (m/s?) is the measurement error ASD of the differential nongravita-
tional linear acceleration projected along the line joining the satellites” centers of mass.
Alternately, the overall measurement error ASD can be converted in range-rate units

(m/s/NHz):

2
6Dacc(f)] (18)

0 () = |[BatN@RPY + [ s

The system performances for the NGGM pair of satellites are summarized in Figure
15.

[—— Non-gravitational, relative acceleration measurement noise
t——Double time derivative of distance vaniation measurement noise
Relative acceleration total measurement noise
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Frequency [Hz]

Relative acceleration

Figure 15. NGGM overall system performances.

The primary objective of the accelerometer sensor suite on NGGM is to measure the
satellite nongravitational acceleration in the satellite-to-satellite tracking direction, with a
low-frequency noise (below 1 mHz, where it becomes the dominant error source) possibly
better than in GOCE. Several options for accelerometer accommodation are under consid-
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eration: one accelerometer is installed in the center of mass, or two (or more) accelerome-
ters can be arranged symmetrically around the center of mass. Moreover, the accelerom-
eters shall provide the measurements on board for the drag-free formation, attitude and
orbit control system (DFAOCS) ensuring orbit and formation maintenance, drag compen-
sation, control of the satellite angular accelerations and rates and a high stability pointing
of the laser beam.

The internal layout is dictated by the requirement that the optical reference for the
intersatellite distance measurement shall be placed in the center of mass and the accel-
erometers close to and symmetrically accommodated with respect to each satellite center
of mass. A stringent temperature stability requirement of

T < 2 - mK/ JHa (19)

applies in the compartment enveloping the optical bench, where T is the temperature as a
function of frequency £, on which all temperature-sensitive items are mounted, including
parts of the laser equipment (optical bench assembly and retroreflector) and the accel-
erometer sensor heads.

The instrument and service equipment boxes (instrument electronics, laser stabiliza-
tion unit, power control and distribution units, etc.) are accommodated on either side of
the central bay, accommodated according to function [51].

The main driving spacecraft system requirements are associated with the assump-
tions on DFAOCS and propulsion system. The two systems are fully explained and as-
sessed in the next section.

Enabling Technologies for the NGGM Mission and Derived Control Requirements

The basic requirements of time-variable gravity measurements from space can be re-
alized with a space segment having (a) orbit altitude as low as possible to maximize signal
strength, (b) retrieval periods as short as possible to maximize the time resolution of the
gravity field solutions and (c) near-homogeneous ground track coverage as dense as pos-
sible for each retrieval period (such as a week and a month) for maximum spatial resolu-
tion. The lowest possible altitude is dictated by satellite engineering constraints related to
the satellite configuration, the cross-section area exposed to air drag, the propulsion type
and the amount of propellant. Here, we discuss specific orbit and attitude control solu-
tions that enable formation and ground track maintenance and relative attitude control
required by the LTI in the altitude range around 350 km.

The attitude and the environmental disturbing accelerations will be controlled within
the frequency range from 1 to 100 mHz according to the derived control requirements in
Table 7. The formation of the two satellites will tend to drift apart under the action of
differential air drag and differential accelerometer biases, which can be corrected by com-
manding a thrust bias as in the case of the GOCE mission [52]. Dedicated control acting
below 1 mHz can ensure that the mean semimajor axis remains within +100 m of the nom-
inal value and the relative distance is remained within 10% of the nominal intersatellite
distance.

Table 7. Drag-free formation, attitude and orbit control system (DFAOCS) requirements.

Control Domain Item Requirement
Formation Altitude control range 100 m
Satellite-to-satellite distance 100 km + 0-10%
Drag Compensa-
tion Measurement frequency bandwidth 1-100 mHz
Control

Linear acceleration <106 m/s?
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Linear acceleration ASD <5-10 m/s?/NHz
Angular acceleration <10-¢ rad/s?
Angular acceleration ASD <108 rad/s?/NHz
Attitude Control Satellite-to-satellite pointing <2-10-° rad

<105 rad/NHz (1 < f <10 mHz)
<2-10¢ rad/NHz (10 < f <100
mHz)

Satellite-to-satellite pointing error
ASD

The spacecraft propulsion enabling the DFAOCS and orbit control functions is the
main challenge of the spacecraft design. For the selected low orbit in the worst-case sce-
nario of average solar maximum conditions, the thrust range and modulation capability
imposed by the mission profile, coupled with the lifetime requirement, can likely only be
achieved with electric propulsion, which trades propellant mass for electric power. Gen-
erating the requested system power of approximately 1 kW is a challenging task for a
mission that needs to keep the drag cross-section small (below 1 m?) with high seasonal
and orbital variation of the solar aspect angle. Moreover, a high specific impulse is only
available over a limited thrust range, and the thrust demand varies by a factor of 3 to 5
during one orbital revolution and even more between the highest and lowest solar activity
encountered during the mission lifetime. In the all-electric satellite design, the drag com-
pensation can be enabled by a system of gridded ion engine thrusters of two types, drag
control thruster (DCT) and fine control thruster (FCT), which operate in different thrust
ranges. The engineering requirements envelope has been derived for each type of thruster
in terms of thrust throttling range, specific impulse, total impulse, response time, noise
and beam divergence, under ceiling requirements on total propellant mass and total
power demand. These are reported in Table 8 as derived in Phase 0. These will be critically
reviewed together with the optimization of the NGGM/MAGIC orbits during the NGGM
Phase A. Thrusters meeting these requirements have already been demonstrated in [53],
and FCT backup options encompass flight-proven technologies such as cold-gas thrusters
(flown, e.g., on LISA Pathfinder and GAIA) and promising propulsion technologies under
development and qualification such as indium-fed FEEP [54].

For the NGGM application, two 15 mN-class DCT thrusters, in cold redundancy, pro-
vide the main force components for the in-line in-band (1 to 100 mHz) drag compensation,
formation orbiting control (at frequency below 1 mHz) and orbit maintenance. Two can-
didate implementations compliant with the requirements exist, and both have flight her-
itage: The first is the GOCE T5 ion thruster, which can serve —in principle —the same pur-
pose in NGGM. The main difference is that GOCE operated in the thrust range from 70
uN to 20 mN, whereas NGGM requires a thrust range extended at the lower bound since
it will orbit considerably higher than GOCE (above 340 km as opposed to 260 km), at the
expense of a lower upper thrust limit. Two operating regimes have been specified for the
DCT:

1. Dynamic (throttled) thrust range between 60 uN and 8 mN for the science opera-
tions;

2. Steady-state (unmodulated) thrust of at least 10 mN for the orbit operations such
as formation acquisition, collision avoidance and altitude trimming,.

A cluster of proportional mN-class FCT microthrusters compensate the drag forces
into the cross-track and radial directions and the perturbing aerodynamic torque (for an-
gular drag control purposes), as well as providing attitude and pointing control. The min-
imal configuration of 8 thrusters offers no redundancy, whereas the fully redundant con-
figuration comprises 16 thrusters. Configurations with 8 thrusters plus 1-2 cold-redun-
dant thrusters have been studied, and other options are possible including 10 operating
thrusters with compliant operation in case of one failure and gracefully degraded opera-



Remote Sens. 2021, 13, 3935

26 of 32

tion in case of two failures. While the specified minimum operating thrust range is be-
tween 50 pN and 1 mN, a reasonably efficient operation below 50 uN and above 1 mN is
highly desirable.

Table 8. Envelope requirements for the DFAOCS thrusters.

Parameter

DCT Thruster Requirements

FCT Thruster Requirements

0.6 mN < thrust <8 mN (dynamic) (*)

Thrust range

1 mN < thrust £ 15 mN
(steady-state) (*)

50 uN < thrust £ 1 mN (threshold)
1 pN < thrust <2 mN (target)

Thrust increment (over the dynamic

range) <12 uN 0.5 uN
>170 kN-s accumulated as:
Total impulse per thruster : ;(1)41?1\1;1:; lsrlei}ér;ajg;:eng;td;axj_ >60 kN-s
mum thrust)
EOL performance degradation <20% <20%
0.4 mNAHz for f <2.8 mHz <100 uNAVHz f < 0.3 mHz
Thrust noise Linear between 2.8 mHz Linear between 0.3 mHz
and 2.8 Hz and 0.03 Hz

3 uNAHz for f>2.8 Hz

<1 uNAVHz for f > 0.03 Hz

Specific impulse

>2000 s @ 1 mN (#)
>2320 s @ 3 mN (&)

>350 s @ 50 uN
>3200 s @ 1000 uN

>2800 s @ 6 mN ()
Thruster plume divergence (half-angle <150 <150
cone comprising 95% of ion flux)
Response time to reach 63% of <60 ms <300 ms
commanded thrust step
> ;
Slew rate 0.03 to = 0.56 mN/s (dynamic) 0.5 mN/s

>1 mN/s (steady-state)

Thrust vector stability

<0.2° (30) half cone

<0.2° (30) half cone

Linearity N/A <2%
Update command rate 10 Hz 10 Hz
B6W @1 mN (%) <15 W @50 pN
Specific power <160 W @ 5 mN () <70 W @ 1000 uN
<270 W @ 10 mN (&)

(*) The DCT thruster will be required to operate in two distinct modes, referred to as dynamic (“drag-free” operations)
and steady-state (relatively coarse thrust control for orbit raising, collision avoidance, etc.). (%) Significant improvements
of the GOCE performance characteristics towards these values are challenging but very advantageous.

The optimal configuration and operation of the FCT system have been intensively
studied in the last few years and are still under critical assessment in the MAGIC/NGGM

feasibility studies. The following stringent system constraints apply:

e  The propellant mass for DCT and FCT in combination shall not exceed 100 kg;

e  The total subsystem peak power for DCT and FCT shall not exceed 350 W;

e  Both spacecraft shall have an identical thruster layout, keeping in mind that the
forces acting on the leading and trailing spacecraft are not identical, while robustly
maintaining the laser link;

¢ One or two redundant thrusters shall be able to cope with the failure of any one of
the nominal eight thrusters;

e The total impulse per thruster shall not exceed the demonstrated lifetime of the can-
didate technology.
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The technology readiness of the entire subsystem, as opposed to the thruster alone,
will be a crucial selection criterion during the feasibility studies. Details on the configura-
tion, thruster performances and optimal solution for the redundancy problem are pro-
vided in [51,53].

6. Constellations of Three Satellite Pairs

A joint Chinese-European science team studied constellations of three satellite pairs
in different configurations, in particular searching for the best orbit for the third satellite
pair to supplement the Bender constellation. The third pair was placed into an orbit with
the same inclination as either the polar or the inclined pair of the Bender constellation.
The ascending node of the third pair’s orbit was selected such that it would corotate or
counterrotate in the same orbit of the selected Bender pair or fly in an orbit perpendicular
to its orbit with the same inclination, i.e., with a 90° difference in the ascending node. For
all options, the accuracy of the ranging and acceleration measurements was assumed to
be comparable to either GRACE or NGGM instrument. In all cases, the altitude was 340
km for the polar pair and 355 km for the inclined pair.

The aim of the first part of the study was the mitigation of ocean tide model errors,
which represent one of the most significant error sources for fulfilling the NGGM mission
performances [55]. The errors were mitigated mostly in the cases when the third pair was
orbiting in a perpendicular orbit with respect to the pair orbiting in the same inclination.
This insight helped to reduce the number of constellations considered in the second part
of the study for a detailed assessment, where only the constellations with the third pair in
a perpendicular orbit were investigated, focusing on the estimation of low-degree daily
solutions alongside weekly solutions [56]. The accuracy of the weekly solutions improved
only marginally; however, the resolution increased from spherical harmonic degree 40 to
45 in case of GRACE-like accuracy and to 50 in case of NGGM-like accuracy. The daily
solutions showed a substantially improved accuracy due to the third pair with NGGM-
like accuracy, achieving a resolution of spherical harmonic degree 26 [57]. The Sino-Euro-
pean study concluded that the best orbit for the third pair was clearly the inclined orbit,
which led to a 2040% decrease in the global root mean square (RMS) error in terms of
equivalent water height of the weekly solutions, as opposed to only 5-10% when placing
the third pair into a polar orbit.

7. Discussion

In the first part of the article, 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 need to be further investigated in the current feasibility
phase of the mission. Priority is given to subcycles of 3, 5 and 7 days to achieve high tem-
poral resolution and its relevance for emergency and near-real-time (i.e., daily to sub-
weekly) products. A double pair of satellites has been assessed as the most promising
solution, and the orbit candidates reflect this concept. In order to maximize the quality of
the gravity solutions (and their processing), the inclined pair is recommended to orbit at
an inclination around 70° and at a lower altitude with respect to the polar pair, which will
be between 87 and 90° inclination. For selecting the candidate orbits, great importance is
given to the ground track homogeneity and to the regular and common longitude shift.
To find the optimal orbits, a rather strict homogeneity (1< 1.5) is required at short time
scales, i.e.,, when ground track density is inherently low, and at the same time a good
homogeneity (f:< 2.0) is necessary for the monthly solutions as well. The proposed orbits
satisfy both needs and offer multiple opportunities in terms of subcycles, inclinations and
altitudes. Before providing the derivation of the engineering requirements, the article pro-
vides an overview of the orbit performances for altitude and inclination changes (Section
3). For the 3-, 5- and 7-day subcycles, the homogeneity is highly stable for shorter time
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scales. However, according to the altitude constraints discussed in the engineering re-
quirements, the proposed sets of orbits (Table 3) guarantee an excellent homogeneity and
sampling, including a matching ground-track longitude shift for the two pairs.

The key instrument of NGGM as part of MAGIC is a laser interferometer with the
resolution of few nanometers for measuring the relative distance variation between a sat-
ellite pair, where the two satellites are separated at low altitude by 100 km. Two interfer-
ometer schemes have been defined as suitable to meet the NGGM measurement require-
ments and can be operated with the auxiliary metrology system (acquisition and pointing
metrology system (APMS)) for optical link acquisition [51]. This is already tested with
results and meets the performance requirements. Several breadboards of the building
block technologies have been assembled and extensively tested: the test results will pro-
vide ESA with the necessary information to carry out the technology predevelopments in
parallel to the foreseen NGGM Phase A.

A discussion on the selection and possible improvement of state-of-the-art electro-
static accelerometers was presented, together with the design options for the drag com-
pensation system. Alternative drag compensation scenarios are under investigation,
where lateral and angular drag compensation requirements can be relaxed, accompanied
with a progressive relaxation of the thruster requirements, while retaining the inline drag
compensation and attitude control of the satellites—augmented or not by steering mir-
rors—for maintaining the intersatellite laser link. These scenarios will be further analyzed
together with the orbit selection and optimization and assessed in-depth in the
NGGM/MAGIC Phase A activities.

8. Conclusions

ESA’s MAGIC/NGGM is a mission under definition to improve our knowledge and
monitoring of geophysical phenomena revealed by Earth’s gravity field, in the wake of
the GOCE, GRACE and GRACE-FO missions. More than 10 years of extensive preparation
activities have advanced the maturity of the system, attitude and drag control, propor-
tional thrusters, laser optics and electronics to a sufficient technological readiness level to
propose the mission for adoption in 2022 and launch in 2028. Concurrently, the USA’s
“Decadal Strategy for Earth Observation from Space” for 2017-2027 identifies mass
change observations derived from the measurement of the time-variable gravity field, first
obtained by GRACE and then continued by GRACE-FO, as one of the five priority observ-
ables and encourages NASA to seek international partnership to implement the mission.
In this context, an NGGM mission in cooperation with NASA as part of the MAGIC con-
stellation is considered as the most mature candidate for an ESA Mission of Opportunity
in the current decade.

A constellation of two satellite pairs orbiting in the Bender constellation is recom-
mended, and the proposed orbits guarantee an unprecedented high temporal and spatial
resolution of less than one week. This fits with the mission objectives to provide a valuable
contribution to emergency and near-real-time (i.e., daily to subweekly) applications. Be-
yond such a goal, the retrieved solutions will benefit from a much higher spatial resolu-
tion as well, e.g., by resolving much smaller river basins than GRACE and GRACE-FO.
The excellent ground track homogeneity at the established time scales will also provide
unprecedented regular data quality to support services and to help to answer open and
unsolved scientific and societal questions related to continental water storage, hydrology,
cryosphere, oceans, solid Earth, atmosphere and climate change.
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Appendix A

Table A1l. A detailed version of Table 3 including homogeneity factors and longitude shifts for all
the subcycles for each proposed scenario.

Subcycles (days)
D 1(P 2(PP) hi1() hiz() Asnin, shif,
Sats 1 (IP) Sats 2 (PP) hi1(-) hi2(-) Asnitt(deg) Ashiee2(deg) (for Sat 1 & Sat 2)
1731 1723 6271  —6219 2 (1.93-1.95)
409k 440y 1368 1383 2308 2.384 3 (2.90-2.92)
3d_M o M 1717 1608 -1.655  -1.450 8 (7.86-7.91)
70 deg 89 deg
1394 1644  0.652 0934  11(10.82-10.90)
1536 1.829  —0.350 0422 30 (29.63-29.84)
ok 4y LASL 1449 3076 3067 3 (2.91-2.93)
3d_H m M 1218 1226 0.672 0.692 7 (6.86-6.91)
70 deg 89 deg
1576 1428 —0.387  -0294  31(30.62-30.84)
1583 1580 -5279  -5262 2 (1.93-1.94)
1716 1723  3.780 3.805 3 (2.89-2.915)
s, 96km  434km 1397 1383 1499  -1457 5 (4879-492)
=% 65deg  89deg 1521 1612 0.781 0.892 13 (12.78-12.89)
1919 1.633 -0.718  -0564 18 (17.72-17.88)
1.088 1595  0.063 0331 31 (30.56-30.84)
1461 1461 -4380  -4.381 2 (1.93-1.94)
sq yp 37km  425km 1168 1167 0734 0.731 5 (4.88-4.91)
= 70deg  87deg 1965 1988 0709  -0.721 27 (26.66-26.83)
1.037 1019  0.026 0012  32(31.61-31.81)
sk 4sgpy LB 1840 4125 4110 4(3.91-3.93)
5d_H o 1185 1190 0762 0.781 5 (4.89-4.92)
75 deg 89 deg
1415 1258 —0315  -0200 29 (28.70-28.86)
o km 417K 309 L307 3120 3107 2 (1.92-1.94)
7d_M m M 71238 1254 0.743 0.788 7 (6.86-6.91)
70 deg 87 deg
1198 1.069 -0.147 0049 30 (29.63-29.82)
o km  agaln LAOL 1449 3076 -3.067 3 (2.91-2.93)
7d_H o M1018 1226 0672 0.692 7 (6.86-6.91)

70 de 89 de
& & 1576 1428 0387 0294  31(30.62-30.84)
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Appendix B

Table A2. Exact inputs needed to perfectly match the longitude shifts of inclined and polar pairs for
each scenario. The longitude shift match can be obtained with a small change in inclination or alti-
tude of the inclined pair (IP).

ID IP Inclination Change (deg) IP Altitude Change (m)

3d_M +0.2091 +321.2
3d_H +0.0294 +44.7
5d_Ma +0.0880 +105.7
5d_Mb —-0.0044 -6.6

5d_H +0.0320 +50.7
7d_M +0.0519 +80.4
7d_H +0.0295 +44.8
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