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Abstract

Estimates of Earth’s gravity temporal variations by GRACE(-FO) have catalyzed a wide range of scientific studies and discoveries.
Although an increase in the satellite pairs would reduce the error and increase the temporal and spatial resolution, mission costs limit
populating additional GRACE-like pairs. One viable solution is to reduce costs by miniaturizing the satellite. As a first step in reaching
this objective, the Miniaturized Prototype for GRavity field Assessment using Distributed Earth-orbiting assets (WPGRADE) project
aims to produce a CHAMP-like prototype gravimetry satellite that includes star trackers, GNSS and accelerometers in CubeSat size.
As one of the primary payloads, the utility of high-precision Micro-Electro-Mechanical Systems (MEMS) accelerometer for gravimetric
mission has not been considered. Here, we evaluated three, six and nine MEMS arrangements. We found that the six MEMS parallel
arrangement can observe both the desired non-gravitational accelerations and additional absolute value of the angular velocity. We
developed a measurement error model, associated with MEMS position and orientation errors, to guide the MEMS optimal design
and assembly. Finally, we conducted uPGRADE mission simulations using appropriate observations and model errors. The impact
of a 10 nm/s> MEMS accelerometer error on gravity recovery is very close to that of the 5 mm GNSS error. However, the accelerometer
error degrades the low-degree coefficients more significantly, particularly Cyy and C3. The simulations indicate that the temporal gravity
can be estimated up to degree 15, albeit with some compromise in the low-degree coefficients. Recommendations are made to lower the
projected noise floor of MEMS accelerometer to enhance the low-degree coefficients accuracy.
© 2025 The Author(s). Published by Elsevier B.V. on behalf of COSPAR. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction length static gravity field and provided us with a first glance

at the Earth’s temporal gravity, although only at very spare

Since 2000, a series of dedicated satellite gravimetry mis-
sions have been launched. The pioneer CHAMP (Challeng-
ing Minisatellite Payload, 2000-2010) mission used the
high-low (GNSS to LEO) satellite to satellite tracking
(hl-SST) data to retrieve Earth’s gravity information,
which significantly improved our knowledge of long wave-
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resolutions (Reigber et al., 2003; Weigelt et al., 2013;
Flechtner et al., 2021). The GOCE (Gravity Field and
Steady-State Ocean Circulation Explorer, 2009-2013) mis-
sion, equipped with a gradiometer, further pushed our
boundary on global static gravity to higher resolution
(Rummel and Gruber, 2010; Pail et al., 2011; Brockmann
et al., 2021). The GRACE (Gravity Recovery And Climate
Experiment) mission (Tapley et al., 2004), which launched
two years after CHAMP and lasted until 2017, as well as
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GRACE Follow-On mission (Landerer et al., 2020), has
allowed a major improvement in the mean gravity field
and, more significantly, initiated a new era where temporal
gravity can be observed accurately at roughly 300 km res-
olution globally using low-low satellite to satellite tracking
(11-SST) data. Since temporal gravity variations are induced
by the movement of mass, mainly water, on Earth’s sur-
face, they are key measurements for interdisciplinary cli-
mate studies (e.g. Pail et al., 2015). The terrestrial water
storage inferred from temporal gravity has been established
as an Essential Climate Variable (Zemp et al., 2022). The
GRACE Mass Change Measurement was designated as
one of the essential observables in the National Academies
2017 Decadal Survey (Wiese et al., 2022). GRACE and
GRACE-FO (here after GRACE(-FO)) have produced
an invaluable global climate data record, observing mass
transport of the Earth’s atmosphere—ocean-solid Earth-
cryosphere-hydrosphere system and their interactions over
the last two decades, at a monthly sampling rate (Tapley
et al., 2019). The inter-mission gap between GRACE and
GRACE-FO left a one-year data gap in the gravimetric cli-
mate record. The three-satellite Swarm mission (hl-SST or
similar to CHAMP), although with a lower resolution, has
been used to augment the data gap and study the climate
impact on our Earth system (Teixeira da Encarnagao
et al., 2020; Zhang et al., 2021). More recently, the Chinese
gravimetric mission (ChiGaM), which adopted a GRACE-
like configuration for observing temporal gravity, was
launched at the end of 2021 (Xiao et al., 2023).

Although the temporal gravity collected with the 1I-SST
measurement principle adopted for the GRACE-type mis-
sions has high accuracy and enabled a wide range of scien-
tific studies and discoveries, the current 11-SST missions are
subject to the temporal aliasing effects and requirements
for increased spatial and temporal resolutions. This issue
is due to the under-sampled high-frequency mass changes,
such as non-tidal ocean and atmosphere variations that are
not well modeled, which result in high correlation error in
some of the medium to high order spherical harmonic coef-
ficients (Flechtner et al., 2021; Chen et al., 2022). Temporal
aliasing has become the main limitation for the science
return for future 1I-SST gravimetric satellite missions.
Increasing the number of satellites can overcome this issue
(Wiese et al., 2021; Wiese et al., 2022). However, the cost of
current GRACE-type satellites is too high to mass-produce
(Smith, 2018; National Academies of Sciences,
Engineering, and Medicine, 2019). One viable solution is
to miniaturize the satellite and reduce the cost. Yunck
et al. (2022) presented a conceptualized miniaturized
GRACE-type satellite constellation that could be used to
observe sub-daily mass variation, though this approach
was not adopted for the Mass Change mission (now as
GRACE-Continuity mission, e.g. Bender et al., 2025) due
to high costs and technological immaturity (Wiese, 2020).
Although, to date all single satellite approaches (hl-SST)
have been unable to achieve the GRACE dual satellite
(11-SST) measurement accuracy, hl-SST approaches, such
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as the past CHAMP and ongoing Swarm missions, can still
provide low resolution (300 km vs 1200 km), large scale
temporal gravity for regional studies (Weigelt et al., 2013;
Teixeira da Encarnacao et al., 2020; Zhang et al., 2021).
A constellation with a sufficiently large number of hl-SST
satellites can further enhance accuracy and measure the
high-frequency mass changes (Zhou et al., 2020).

In this context, as a first step in reaching miniaturized
gravimetric satellites in CubeSat size, the Miniaturized Pro-
totype for GRavity field Assessment using Distributed
Earth-orbiting assets (WPGRADE) project aims to produce
a prototype hl-SST gravimetry satellite in 6-U (1U = 10 x
10 x 10 cm?), with the objective of lowering the overall mis-
sion implementation cost (Esteves et al., 2022). The
uPGRADE mission concept is focused on a single satellite
technology development and demonstration, where the
measurement concept is a miniaturized version of the
CHAMP mission. In this concept, the primary instrument
complement will be a CubeSat compatible triad of the high
accuracy global positioning receiver (GNSS) for orbit
determination, star trackers (SCA) for attitude determina-
tion and MEMS accelerometers (ACC) for determination
of the non-gravitational acceleration acting on the satellite.

As one of the primary payloads, high-precision
accelerometers are essential for the gravimetry mission to
measure non-gravitational accelerations. The small size of
CubeSat makes it impossible to utilize classical electrostatic
accelerometers used by all previous and current gravimetry
satellites (Rodrigues et al., 2022) due to their size and
weight (Hines et al., 2022; Pfaffenzeller and Pail, 2023),
though the newly proposed electrostatic accelerometer
CubeSTAR (in 1U) may change the situation in the future
(Boulanger et al., 2024). Micro-electromechanical systems
(MEMS) accelerometers are more suitable for CubeSat
because of their lower cost, lower power consumption,
smaller size, and lightweight (Esteves et al., 2022; Hines
et al., 2022). MEMS accelerometers can be based on a mea-
surement principle that is different from the ordinary
capacitive accelerometers, where the acceleration or the
displacement of test mass is translated to a measurable
capacitance. The proposed uPGRADE MEMS accelerom-
eters (Esteves et al., 2022) measure the time it takes for the
proof mass to be attracted towards fixed electrodes when a
precisely defined voltage step is applied (higher than the
threshold pull-in voltage), in the measurement principle
called pull-in time (Yang et al., 2005; Garcia, 2019). Alter-
natively, there is also the option of optically determining
the position of the proof mass with interferometry (Bao
et al., 2016; Hines et al., 2022). Although the common com-
mercial off-the-shelf MEMS accelerometers are unable to
provide geodetic grade accuracy, i.e., better than 100 nm/
s? at frequencies below a few mHz, the recent MEMS
accelerometer developments are showing promising results.
Pike et al. (2016) introduced the planetary microseismome-
ter with 3 nm/s”> accuracy between 0.1-1 Hz, which was
used by the Mars InSight mission. Garcia (2019) showed
that a pull-in time MEMS accelerometer has the potential
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to reach 100 nm/s* accuracy, given that we can measure the
time with ~20 ns resolution. Wang et al. (2021) presented
three-axis MEMS accelerometers that reach ~100 nm/s’
accuracy between 10-100 mHz. Hines et al. (2020, 2022)
discussed a novel optomechanical accelerometers. They
projected that the noise floor would be comparable to
GRACE and GRACE-FO accelerometers but would be
smaller (around 1 U) and lighter (~0.3 kg). It was recom-
mended that optomechanical accelerometers can be used
for future gravimetric missions and at least serve as risk-
reduction devices. A similar optomechanical accelerome-
ters (Guzman and Sanjuan, 2024) has also been proposed
to aboard the Gravitational Reference Advanced Technol-
ogy Test In Space (GRATTIS, Conklin et al., 2025) as one
of the technology demonstration instruments. The ongoing
uPGRADE mission will adopt pull-in time MEMS
accelerometers (Garcia et al., 2022). The pull-in time sensi-
tivity, noise level and long-term stability are currently
under investigation (Esteves et al., 2022).

Compared to the well-established electrostatic
accelerometer, which can directly output linear accelera-
tions in all three directions, each MEMS accelerometer is
usually limited to observing linear accelerations in one
direction. Therefore, at least 3 MEMS accelerometers are
required to measure non-gravitational accelerations in all
three directions. To our knowledge, there is no relevant
publication on the utility of MEMS accelerometers on a
gravimetric mission. Therefore, we intend to fill this gap
to provide insights for the gravimetric mission uPGRADE.
In this study, we consider the MEMS accelerometer perfor-
mance and focus on the following questions: 1) How many
MEMS accelerometers do we need to measure non-
gravitational accelerations accurately? 2) What are the use-
ful physical arrangements of the MEMS accelerometers? 3)
What are the pros and cons of these arrangements? 4)
What are the maximum acceptable position and orienta-
tion errors of the MEMS accelerometers due to manufac-
turing imperfections? 5) What can we achieve from a
gravimetric satellite like the uPGRADE mission based on
our projected MEMS accelerometer accuracy?

Advances in Space Research 76 (2025) 5797-5813
2. The dynamics of the onboard MEMS accelerometer

The classical electrostatic accelerometers that are used
for all previous gravimetric satellites are placed at the cen-
ter of mass and can output the vector of non-gravitational
accelerations. In consideration here, the vector acceleration
is obtained by using single accelerometers placed on each
of the three orthogonal satellite reference axes. The mini-
mum number of individual accelerometers would be three.
The onboard MEMS accelerometer will sense more than
just the targeted non-gravitational accelerations, for
instance, rotation related accelerations. Thus, to motivate
the study and for the completeness of the discussion, we
will first review the dynamics of the onboard MEMS
accelerometer in this section.

There are three reference frames (Fig. 1) involved in the
accelerometer measurement: the inertial frame (i), the satel-
lite frame (s), and the accelerometer frame(a). The relative
position of the accelerometer in the inertial frame can be
expressed as
Poo—r =b=CP, (1)

acc sat

where b’ is the position of the accelerometer relative to the
satellite center of mass, 7 _ is the position of the accelerom-
eter in the inertial frame, #, is the position of the satellite
and C! is the rotation matrix from the s-frame to the i-
frame. By taking the time derivative on Eq. (1), with
C.=—Q.C' = C'Q and b* = 0, we get

iV LS i .
CsQisb - racc - r.var’ (2)
where
0 —w. o,
. T ;
S .5 s S _
Q= o x, 0}, = (w00 andQ; = | o, 0 o,
—w), 0

The symbol wj is the angular velocity of the s-frame relative
to the i-frame with coordinates in the s-frame, and the oper-
ator x stands for the vector cross product (Jekeli, 2001).

Satellite

Fig. 1. Sketch of the three reference frames. The geocentric inertial frame (denoted as i) is in green. The origin of satellite frame (denoted as s) is at the
Center of Mass (CoM, white dot). The X* axis is generally in the velocity direction (along-track), ¥* is perpendicular to the orbital plane (cross-track) and
7 axis forms the right-hand system that roughly points to the radial direction. The origin of the MEMS accelerometer frame (denoted as «) is at the center
of the proof mass (orange). X“ axis is the sensing direction (red arrow), Y* is perpendicular to X* in the chip plane and Z* is normal to the chip plane.
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The dynamic equation of the accelerometer is given by
applying a second time differentiation on Eq. (2):
.};;L’L' = sat (Cl Qé QA + Cl )bY

Splitting the total acceleration into gravitational accelera-

tion and non-gravitational acceleration with # .= gjm+
aiuw r sat gsat + asar’ we reach
Ghre = 8l = Zhee + @l + (CLRQL + CI0 )b 3)

If we expand the g’ . term as a Taylor series up to the first
term, we have the gravity difference (gradient) term as
) = — G, (4)
is the derivative with respect to x,y and z direc-
tions, y1e1ding the gravity gradient tensor G,

Combining Egs. (3) and (4), we have our final dynamic
equation of the accelerometer in the inertial frame

. = dl+ (CLOQ, + COL )b = Gl b (5)
Given the rotation matrix from the inertial frame to the

satellite frame as C;, we define the dynamic equation of
accelerometer in the satellite frame as:

(QSQS +O )

_ B
drt

sat

dgm,

T T (gmt +3

where g“”

-CG,Ch.

s
Aoce =Cia

iQace = (6)

Sﬂ[

3. MEMS arrangement

Each MEMS accelerometer primarily observes non-
gravitational accelerations. However, it is also sensitive to
centrlfugal accelerations (€, Q b*) and tangential accelera-

tions (Q ") (Eq. (6)). The Coriolis accelerations are not
considered because we assume the accelerometers do not
move relative to the Center of Mass (CoM). Additionally,
there is also acceleration due to the gravity gradient Gy,
since the accelerometer is not at the satellite CoM. For
the sake of clarity, from here on, we name these accelera-
tions as frame accelerations.

One MEMS accelerometer can observe a single direction
only. The bare minimum of 3 orthogonally mounted
MEMS accelerometers is required to observe all three
directions, assuming we would be able to measure or model
the frame accelerations. Eq. (6) suggests that if we place a
pair of sensors symmetrically with respect to the satellite
CoM, we will get the same frame accelerations but with
opposite signs. With additional MEMS, we may be able
to isolate the non-gravitational accelerations and also
acquire attitude information. In this section, we will discuss
three scenarios with the arrangement of 3, 6 and 9 MEMS,
which have different applications and sensitivities.

3.1. Three MEMS

With only 3 MEMS, we need to arrange them orthogo-
nally to be able to be sensitive to the three-dimensional
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nature of the non-gravitational accelerations. Each of the
MEMS accelerometers senses one direction in the satellite
frame (e.g., Fig. 2a) and observes all components of the
accelerations as indicated in Eq. (6). Other than the non-
gravitational accelerations, the instrument will also observe
the frame accelerations. Therefore, 3 MEMS alone are
unable to directly measure the non-gravitational accelera-
tions without the aid of additional information, notably
attitude sensors.

The frame accelerations are all proportional to the dis-
tance between the satellite CoM and the MEMS proof
mass. Therefore, it is beneficial to arrange the 3 MEMS
as close as possible to the satellite CoM to minimize them.
Fig. 2a presents one possible MEMS arrangement that
meets this criterion. The 4,, MEMS is placed at the satellite
CoM at the X*Y* plane and senses the X* direction (Tab. 1).
A,, is on the same wafer as 4,, and is sensing the Y* direc-
tion. It is important to maximize the number of MEMS
accelerometers in the same wafer because the relative posi-
tioning is much more accurate when etching multiple
micro-machines in the same wafer compared to assembling
separate ones. 4, is along the Z* axis and perpendicular to
the X*Y* plane and is sensing the Z° direction.

Only considering the degree zero term of Earth’s gravity

(or “point-mass” Earth) g' = (?—M)z, the magnitude of grav-

ity gradient term can be approximated to = 2|gm, 1]

o
where GM is Earth’s gravitational constant. Usually, the
accelerometers are several centimeters away from satellite
CoM (the size of one MEMS is roughly 2 cm X 2 cm).
Assuming a 5 cm offset and 450 km altitude, the magnitude
of gravity gradient term is ~10~’ m/s?, which is within the
potential measurement accuracy of MEMS accelerometers.
Other higher degree and order non-spherical gravity effects
are more than three orders of magnitude smaller than the
degree zero term. They can be neglected under the current
MEMS measurement accuracy. Since the total mass of
Earth does not change over time, with a good knowledge
of satellite position from GNSS and attitude from star
camera, we would be able to compute this term. From here
on, we will not consider the gravity gradient term in our
analysis.

The tangential acceleration is perpendicular to the coor-
dinate axes. Therefore, if we align the sensing direction of
MEMS with each of the satellite coordinate axes, we can
reduce the effect of the angular accelerations induced tan-
gential force. However, we will still need precise attitude
information to remove the centrifugal acceleration, which
acts parallel to the coordinate axes. The angular velocity
is usually smaller than 1.2 mrad/s, which takes place in
the pitch direction as a result of the nominal Earth-
pointing mode as the satellite orbits the Earth at Low
Earth Orbit (LEO). If we consider the centrifugal accelera-
tion in a general form of w’x, with rotational rate w and
distance to CoM x (a few centimeters), the angular velocity
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Fig. 2. MEMS arrangements a) 3 MEMS case, b) 6 MEMS parallel case, where each MEMS sensing direction is along the corresponding axis, ¢) 6 MEMS
perpendicular case, where the sensing direction is perpendicular to the axis, and d) 9 MEMS case. MEMS devices are colored squares in orange (along the
X* axis) named 4., yellow (along the Y* axis) named 4,, and green (along the Z* axis) named 4.,. The red arrow highlights the sensing direction of the MEMS

device. The gray rectangle indicates the X°Y* plane of the satellite frame.

observation accuracy needs to be better than 0.1 mrad/s (or
~10 arcsec/s) to maintain a~10~" m/s’accuracy in centrifu-
gal acceleration estimation.

Although a 3 MEMS configuration is always not pre-
ferred, since it requires additional attitude observation,
the discussion here ensures that it is still possible to observe
the non-gravitational accelerations in the extreme scenario
that we have a failure of one MEMS in a six or more
MEMS configuration.

3.2. Six MEMS

The magnitude of the frame accelerations depends on
the location of the MEMS. As such, it is possible to take
advantage of this fact and place two MEMS symmetrically
relative to satellite CoM to ensure they experience equal
frame accelerations with opposite signs. With 6 MEMS,
it is possible to combine them into three pairs with each
pair sensing one of the 3 orthogonal directions. Fig. 2b
and 2c depict two such arrangements. In the parallel case
(Fig. 2b), the MEMS sensing direction is along the corre-
sponding axes while in the perpendicular case (Fig. 2c),
the sensing direction is perpendicular to the axes. For
instance, in the parallel case, MEMS 4,, and 4,, are on
the X* axis and observe the accelerations in the X* direc-
tion. They are placed 1 cm away from the CoM on the
two sides of the axis, symmetrically (see Fig. 2b and
Table 1). The total acceleration observed by each of those
MEMS accelerometers can be written as:
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‘ , N2 \?
Ail = a; - (G);S:) ’ pxl - (wls&) .pxl
2
4, =a+ (@)t (o) o
A;l = a; o (wfsz)z ’ pyl - (wts'sx)z ’ '0}’1 (7)
A;z = af, + (w§5;)2 Py, + (wfsx)z Py,
2
Ail =a; - (wfs‘x)Z Pz T (wtsv,> Py
2
4y =a+ (@) o+ (o) 0.

where 4, is the acceleration observed by the 4,, MEMS
accelerometer, with n = x, yor zand i = 1,2 or 3, e.g.,
4;, is the acceleration observed by the 4,, MEMS in the
satellite frame, ! is the satellite non-gravitational accelera-
tion in the X direction, wj the z component of the angular
velocity, p, the distance between the 4, MEMS sensing
head and satellite CoM.

Given p = p,, = py, =3P, =10y, = Pz, = Pz, (Table 1),
the sum of each of the three MEMS pairs (also called com-
mon mode, e.g. Frommknecht et al.,, 2011) yields the
desired non-gravitational accelerations of the satellite

(Eq. (8a)).
@ =1 (4, +4,)
5 ; (A;I +A§’2) :
aS —

a =
1 N K
z T 2 (Azl +A22)

y T2

(8a)
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Table 1
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The orientation and position of each MEMS in the 3 MEMS, 6 MEMS, or 9 MEMS arrangement (Fig. 2).

MEMS name 3 MEMS case (Fig. 2a)

Orientation Position (s-frame) [cm]
Ay, Along the X* axis, observe X* [000]
Ay, Along the Y* axis, observe Y* [020]
A, Along the Z* axis, observe Z* [001]

6 MEMS parallel case (Fig. 2b)

Orientation Position (s-frame) [cm]
Ay, |Ax, Along the X* axis, observe X* [100]][-100]
A,,14,, Along the Y* axis, observe Y* [020]][0-20]
A, |4-, Along the Z° axis, observe Z* [001]][00 —1]

6 MEMS perpendicular case (Fig. 2¢)

Orientation Position (s-frame) [cm]
Ay, |4y, Perpendicular to the X* axis, observe Z* [100]][-100]
Ay, 14,, Perpendicular to the Y* axis, observe X* [010]][0-10]
A.,14, Perpendicular to the Z* axis, observe Y* [001]][00 —1]

9 MEMS case (Fig. 2d)

Orientation Position (s-frame) [cm]
Ay, |4y, |4 Perpendicular to the X* axis, observe Z* R11jR2-11]-211]
A,,14,,4,, Perpendicular to the Y* axis, observe X* 217t 2-13|[1 -2 1
A:,|4:,14z, Perpendicular to the Z* axis, observe Y* rir2y-=112y01-

ix 1 1
2
(o3,) = Ri{z(As —Ail) — (s, s ) w2, - )}
2
(o3,) = {2, =)+ (a5, =y, ) —2(4, - 2) }

(8b)

The subtraction of the three MEMS pairs (also called dif-
ferential mode) results in three unknown quadratic angular
velocity terms. The combinations of those three equations
yield the absolute quantity of the angular velocities (Eq.
(8b)). Those bonus observables are another advantage of
using 6 MEMS devices. They could be used to augment
the star camera observed satellite attitude via data fusion
(e.g., Klinger, 2018; Harvey and Sakumura, 2019; Harvey
et al., 2022). We should also note that we might encounter
numerical problems resulting from the MEMS observation
noise, where the quadratic angular velocity may have a
negative value, since there is no quadratic exponent on
the right side of Equation (8b). However, from an alterna-
tive point of view, the negative values reflect the partial
absolute error of the MEMS observation noise. They
may bring a new way to understand MEMS error
characteristics.

The common mode of the 6 MEMS perpendicular case
(Fig. 2¢) is similar to the parallel case, which yields the tar-
geted non-gravitational accelerations (Eq. A(2). The differ-
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ential mode yields three equations that contain 6 unknown
parameters (Eq. A(3). Thus, we cannot obtain additional
attitude-related information from this arrangement. Addi-
tionally, from an engineering point of view, the construc-
tion of the perpendicular case is of higher complexity. In
the parallel case, the four horizontal MEMS (namely
Ay, ,Ax,, Ay, andA,,) can be embedded in one wafer and the
other two in a second wafer, while in the perpendicular
case, all 6 MEMS are separated and split into 6 planes,
which requires high accuracy in orthogonal mounting
and dramatically increases the construction complexity.
Therefore, the parallel case (Fig. 2b) is preferred under
the current uPGRADE project. We should also note that
the perpendicular case (Fig. 2¢) is more compact or saves
more space. It could be a better option if the project has
a very tight volume budget.

3.3. Nine MEMS

Although we cannot directly obtain attitude informa-
tion from the perpendicular configuration (6 MEMS), the
differential mode suggests we might be able to directly iso-
late the angular acceleration if we can increase the number
of MEMS devices to 9. There are 6 unknown parameters
(Eq. A(3), within which three angular velocities are pre-
sented in product form (e.g., wj - wj ). Therefore, if one
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MEMS accelerometer is added into each direction, the
three additional equations can be used to isolate angular
accelerations (3 plus an extra 3). Fig. 2d provides a possible
9 MEMS configuration that meets this requirement. The
differential mode yields 6 equations (Eq. A(5). The linear
combination of Equation A(5) yields angular accelerations
(Eq. A(6). Usually, the star camera has higher accuracy on
lower frequencies, while the MEMS accelerometers
observed angular accelerations are better on higher fre-
quencies. The angular accelerations observed by MEMS
accelerometers would enhance the high-frequency compo-
nents of the star camera and produce a more accurate satel-
lite attitude. For instance, Klinger (2018) and Harvey et al.
(2019, 2022) fused angular acceleration observations from
the accelerometer into star camera attitude data for the
GRACE and GRACE-FO attitude reconstruction. How-
ever, we note that the angular acceleration output from
GRACE-type accelerometers is not pure angular accelera-
tion but includes the contribution of the centrifugal accel-
erations (Klinger, 2018; Harvey et al., 2019), which is
similar to the angular velocity product terms in Equation
A(3).

4. Position and orientation error

We discussed a variety of MEMS configurations and
their potential added values on attitude estimation.
Although the 9 MEMS configuration would be ideal for
the uPGRADE mission, with limitations in power, fund-
ing, and data transmission capacity, the 6 MEMS configu-
ration is adopted. Compared to the 3 MEMS
configuration, the 6 MEMS parallel configuration can
directly observe the non-gravitational accelerations with-
out the aid of star camera data. Although it cannot deliver
angular acceleration as the 9 MEMS configuration, the
absolute value of the angular velocity can still be retrieved.
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Measuring non-gravitational accelerations is essential
for including the 6 MEMS parallel configuration in the
uPGRADE mission. The MEMS accelerometers may,
due to the limited accuracy in the assembly process, be sub-
ject to position and orientation errors (Fig. 3). Similar dis-
cussions have also been carried out on GOCE data analysis
(e.g. Stummer, 2012). The position error (Fig. 3a) is defined
as the difference between the design and the actual position.
Similarly, the orientation error (Fig. 3b) is the difference
between the designed and the actual sensing direction.
These errors will eventually propagate to the non-
gravitational acceleration measurements and degrade the
accuracy of the observations. In this section, we will discuss
the error budget of the non-gravitational acceleration mea-
surements due to the MEMS position and orientation
errors and the associated minimum design and assembly
requirements.

As discussed in the last section, the common mode of
each pair of MEMS accelerometers can yield non-
gravitational acceleration. Assuming one pair of MEMS
(denoted as Ay and Ay») are placed at b) and b3, where
by and b, are symmetric with respect to satellite CoM
(Fig. 3a), the total acceleration vectors at those two posi-
tions are

{A’Zl =@+ Q- (Q b)) + Qb

Aj, = Qe (@ b) + by
where 4; and 4, are the total acceleration at position b
and b3, a’ is the linear acceleration, and the third and
fourth terms are the frame acceleration, with Q as defined
for Equation (2).

Replacing the frame acceleration with B), andB, , where

©)

By =Q - (Q) b)) + Q- b
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Fig. 3. MEMS accelerometers position error (a) and orientation error (b). The position error (db; ) is defined as the actual position (A;I ) of the MEMS and
the designed position (A4, ). Similarly, the orientation error (f5;) is the deviation of the actual sensing direction from the designed direction.
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Equation (9) can be simplified to:
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s S S
_AbZZ i L aoz i _BbZz u

Assuming both MEMS are placed at 4] and 5] with no
error and they both sense the X-axis in the s-frame, the
common mode output of the non-gravitational accelera-
tion in the X-axis direction is:

4, +4, =2a,.

If the two MEMS are not perfectly mounted and there is an
offset from the designed position with db; and db,, the
resulting common mode output is

;I;X —|—;1:,h =2a +e
e =dB, +dB, = Q- (Q - (db} +db})) + Q- (db; + db3)
(11)

-5 -5
where 4, and 4, are MEMS measurements in their actual
positions (with the offsets db; and db,), e; is the common
mode acceleration error induced by the position error, Q;

and Q, are the first row of Q) and Q.

As shown in Eq. (11), the imperfect positioning of the
MEMS devices introduces additional frame acceleration
errors. The common mode error e, is proportional to the
sum of the position error db; + db,. Therefore, for analysis,
we use one position error value for a pair of MEMS
devices, which is equivalent to saying that only one of the
two MEMS is mounted with an unknown offset db;.

The situation for orientation error is not as simple as for
the position error. For instance, in the previous position
error case, the accelerations 4, and 4,, are still exclusively
sensitive to the X-axis. However, by considering alignment
errors, the MEMS accelerometer is rotated by an unknown
angle in the pitch, yaw, or roll directions (f, and f3,), mak-
ing it sensitive to accelerations from the Y and Z axes.
Under the small-angle assumption, the common mode with
orientation error is:

Ablx + Ay, = 27*;1 + e
e =—4, p, +AZ,},512 -

= —a.(Bi, + By) + a3, (Bi- + Ba.)

Ay, By, + A, fo.

=By, (B~ B) + B, (br. — f2.)

(12)

where 4, andA,, are the MEMS measurements with the
actual orientation (with misalignment), e, is the common
mode acceleration error induced by the orientation error.

The acceleration error produced by misalignment (ori-
entation error) depends on the interaction of all the four
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angle errors, which for the X-axis are f,, ., 5, and B,..
It would be hard to quantify the point-to-point relation
between orientation error and common mode error if all
four angles are set to change freely. To reduce the degree
of complexity and find a good way to approximate the
expression of e;, we implemented a series of Monte Carlo
experiments, where all four rotation angles were randomly
selected within the same order of magnitude, e.g., all rang-
ing from 0.1 to 0.9 and —0.9 to —0.1 in the unit of degrees.
In total, 6000 sets of orientation errors are used to calculate
the common mode error using GRACE L1B (Case et al.,
2002), GRACE-FO LIB (Wen et al, 2019) and
uPGRADE simulation data. We then computed the
RMS of the common mode error for each of the 6000 real-
izations. It would be difficult to visualize the results consid-
ering the four angles separately. Therefore, we used the
sum of the four error angles or f* = B, 4 By, + Pi. + o
for the X-axis and the difference between the y and z com-
ponents or = = B, + By, — B, — B,, for the Y-axis.

Fig. 4a shows the RMS of the common mode accelera-
tion error using GRACE LIB attitude and non-
gravitational acceleration data from 2010-01-01. The
RMS of common mode error is proportional to the abso-
lute value both " and p~ (Fig. 4a). It also shows that
the RMSs are symmetric with respect to the origin.
Fig. 4b suggests that the profile along Y = 0 (or f~ =0)
alone has a good representation of the overall error pattern
(notice the change in the Y-axis scale). In this case, the
RMS of common mode error is only associated with the
summation of the orientation errors. Therefore, we can fur-
ther simplify our model to the situation that only one
MEMS has an orientation error o while the other MEMS
is in perfect orientation. Fig. 4c shows the RMS of com-
mon model error when the o ranges from (1077 to 1072),
which is an excellent representative of the case that all four
angles are randomly chosen (Fig. 4b).

Therefore, the complex association between MEMS
position and orientation error and the common mode error
can be simplified to the scenario where only one MEMS of
the paired MEMS has position and orientation errors. We
should emphasize that those simplifications hold when we
are only concerned about the magnitude of the common
mode error, and we assume that each type of error is in
the same order of magnitude.

In practice, we have both orientation and position errors
at the same time. Fig. 5 shows the total common mode
error RMS (colored pixels) with a range of orientation
errors (X-axis) and position errors (Y-axis) for the parallel
configuration (Fig. 2b). GRACE observed non-
gravitational accelerations, and attitude data (2010-01-01)
are considered. Like our previous analysis, both position
and orientation errors are proportional to the RMS of
common mode error, where one order of magnitude
increase in position error (e.g., mm to cm) will also roughly
increase the RMS by one order of magnitude (same for the
orientation error). Since the error in the Y* and Z* direc-
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Fig. 5. RMS of the total common mode error due to position and orientation error using GRACE L1B data (2010-01-01): a) X* axis, b) Y* axis, and ¢) Z°

axis.

tions is proportional to the non-gravitational acceleration
signal in the X*-axis (e.g., Egs. (11) and (12)), which is gen-
erally in the along-track direction with larger amplitude,
their common mode errors (Fig. 5b and c) are relatively
higher compared to the X* direction (Fig. 5a), as repre-
sented with a larger blue area and smaller red area. For
instance, given 0.1 degree orientation error and 0.1 mm
position error, the error RMS in X* direction is smaller
than 107'° m/s while that of Y* and Z* directions are greater
than 107'° m/s. The exact patterns may change, depending
on the date we choose, such as due to different solar activ-
ity. The general pattern does not change much over time
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whether we use the LIB dataset from GRACE or
GRACE-FO (not shown).

Since the general pattern of the common mode error
RMS does not change significantly, the error analysis can
also be used to guide the satellite design and determine a
minimum accuracy requirement for the assembling of
MEMS configuration. The orientation and position errors
must not induce a common mode acceleration error larger
than the observation accuracy requirement. For a mini-
mum accuracy requirement of, for example, 0.1 nm/s’,
the MEMS configuration needs an assembly and mounting
accuracy better than 0.1 mm and 0.1 degree in terms of its
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position and alignment. Another lesson from the error pat-
tern is that the efforts to improve only one component of
the assembling (e.g., orientation or position) alone may fail
to reduce the common mode error. For example, if the ori-
entation error is around 0.1 degree, the improvement of
position error from 0.1 mm to 1u m does not change the
overall common mode error. Instead, both error compo-
nents need to be considered together. The most economical
and optimal way to determine the orientation and position
accuracy pair is to roughly follow along the diagonal,
which may be steeper or shallower depending on the diffi-
culty in aligning or positioning the MEMS accelerometers,
respectively, since both components are at their minimum
requirement for a given accuracy.

5. Simulation study

The primary scientific output of the uPGRADE is the
temporal gravity solution, which is subject to the accuracy
of the science instruments (notably the MEMS accelerom-
eter and GNSS receiver) as well as the background geo-
physical models (notably ocean tide and non-tidal
atmosphere and ocean models). Even though one would
expect a higher payload accuracy to yield better temporal
gravity, in reality, the quality of estimated temporal gravity
can also be limited by geophysical model uncertainties,
such as in ocean tide. Thus, the most efficient strategy is
to avoid over-designing science payloads. In this way, we
could limit the overall cost and engineering challenge while
ensuring our scientific objectives.

In this section, we set up a simulation environment
based on the Center for Space Research (CSR) in-house
multi-satellite orbit determination program (MSODP,
Rim, 1992; Kim, 2002) for the uPGRADE mission. A set
of realistic instruments and model errors based on the les-
sons we learned from GRACE are used to quantify their
potential impacts on the gravity field estimation. The
results can serve as a reference for the uPGRADE (and
similar mission) payloads design and development.

5.1. Setup
The simulation procedure consists of two steps: the for-

ward modeling step and the backward inversion step. In
the forward modeling step, a series of geophysical models

Table 2
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(e.g., ocean tide model) and instrument observations (such
as satellite attitude data and accelerometer data) are
defined as ground truth. They are used to propagate the
satellite orbit, which would be used to generate error-free
GNSS observations. During the inversion step, errors will
be added to the GNSS phase observations, as well as other
instrument observations. Another set of geophysical mod-
els will be used as reference fields (or nominal fields) to rep-
resent the inability to know the ground truth with perfect
accuracy. We follow the conventional approach of defining
the model error as the difference between the models used
in the forward modeling step and those used in the inver-
sion step (Table 2). For instance, the difference between
FES04 (Lyard et al., 2006) and EOTO8 (Skachko et al.,
2008) is defined as ocean tide model error. The non-tidal
atmosphere and ocean de-aliasing (AOD) error is approx-
imated by the difference between AODIB-RL06 and
AODI1B-RL0O7 (Dobslaw et al., 2017; Shihora et al.,
2022). We choose the CSR mascon solution (Save et al.,
2016) in spherical harmonic representation, where
GGMOS5C has been added back (Save, 2020), as the true
gravity model for the forward modeling step. The
GGMO5C is used as the nominal gravity model for the
inversion step. In this way, we can largely minimize the
commission and omission error due to the differences in
the static background gravity model (Gunter et al., 2006)
but also keep the fidelity of the simulation. It ensures the
nominal field deviates from the true field mainly due to
temporal gravity since our interest focuses more on the
recoverability of temporal gravity rather than static
gravity.

Initial conditions are chosen to close GRACE circular
orbit (e.g. GNVIB product, Case et al., 2010) with a
500 km altitude and 89 degree inclination and used to
propagate the simulated uPGRADE satellite orbit. GNSS
phase measurements (30-second sampling rate) are the pri-
mary observations in this simulation, the same as what is
used in the CSR GRACE GNSS data processing (Pie
et al., 2021). Four phase observations between two GNSS
satellites and uPGRADE satellites, as well as one ground
station, are used to form the classical double-differenced
observations (Rim, 1992). This observation combination
strategy can help reduce the common error and eliminate
the receiver clock error. In this simulation study, we choose
S mm and 1 cm (standard deviation) white noise as a lower

List of background models and force models that are used for forward propagation and inversion.

Model/observations Forward Modeling (Truth)

Backward Inversion

Static background field CSR mascon solution GGMO05C

Ocean tide FES04 EOT08

AOD AODI1B 06 AODI1B 07

Star camera Nominal satellite orientation Nominal satellite orientation + white error
Accelerometers Modeled non-gravitational accelerations Modeled non-gravitational accelerations + colored error

GNSS observations Double differences

Double differences + white error
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bound and upper bound of the GNSS double-differenced
observation error. As a comparison, GRACE and
GRACE-FO real data processing usually results in a phase
RMS at the level of around 4 mm to 8 mm (Kang et al.
2006, 2020).

We use the simulated satellite nominal orientation as the
true satellite attitude, which is defined by the velocity
(along-track) direction, the radial direction and the cross-
track direction. The GRACE attitude observation is more
accurate in roll direction (~30 prad) and less sensitive in the
other two directions (~200 prad). The uPGRADE satellite
will have two star trackers, which is similar to the GRACE
satellite configuration. Conservatively, 100 prad (~20 arc-
sec) white noise is used to corrupt the “true” attitude and
generate attitude observation. Although the differential
mode of the 6 MEMS configuration can yield additional
attitude information, attitude uncertainty is not the domi-
nant error sources in UPGRADE simulation. In this simu-
lation, its potential contribution is not included in the
discussion.

Atmosphere drag, solar radiation pressure, Earth radia-
tion pressure modeled in orbit propagation (Kim, 2000) are
set to be the true non-gravitational acceleration.
UPGRADE MEMS devices are currently under develop-
ment and are anticipated to achieve an accuracy of
10 nm/s> to 100 nm/s> within the measurement band. As
a comparison, the sensitive direction of the GRACE
accelerometer (e.g. along-track) and the less sensitive direc-
tion (e.g. cross-track) are in the order of 0.1 nm/s*> and
1 nm/s>. The orientation and positioning error induced
acceleration error is 2-3 orders of magnitude smaller than
the MEMS noise level, giving the manageable submillime-
ter and one tenth of degree positioning and orientation pre-
cision. We will not consider their contribution here. In this
simulation, we used a PSD model similar to that defined by
Kim (2000) and Kim and Tapley (2002)
PSD = (1 +%) x ym?/s*/Hz (13)
where f'is frequency, and y is “floor” variance. Two differ-
ent values for y are used to generate high noise (3" = 104
and low noise (y~ = 107'%). They represent the aforemen-
tioned 100 nm/s” and 10 nm/s’ cases respectively. Readers
are referred to Appendix B for how we generate colored
noise and an example of the noise realization.

5.2. Simulation result
The Earth’s geopotential is represented in the form of

spherical harmonic expansion (Heiskanen and Moritz,
1967; Hofmann-Wellenhof and Moritz, 2006)

V(r,0,) =215 S (¢ )"H <Cnmc0sm/'t + Snmsznml> m(c0s0),

(14)

where r is the radial distance from the geocenter; 0 is the
co-latitude; A is the longitude; GM is gravity constant; a

5807

Advances in Space Research 76 (2025) 5797-5813

is the semi-major axis of the reference ellipsoid; E,‘,,m and
S.n are the fully normalized geopotential coefficients (or

Stokes coefficients) per degree n and order m; P, is fully
normalized Legendre function. We use the residual degree
variance (DV, in terms of geoid height) to measure the
gravity error associated with different instruments or geo-
physical model errors (Eq. (15)).

¢Zm0 dC. +ds. )

where dC,,,,,anddSnm are the residual geopotential coeffi-
cients between the true gravity field and the recovered grav-
ity field (i.e., the one obtained from the inversion step). The
degree variance measures the error amplitude at a specific
degree or a specific spatial resolution. For instance, degree
20 roughly represents 1000 km resolution at the equator.

There are 2 model errors and 3 instrument errors (two
cases each). Fig. 6a summarizes the impact of each error
source (in total 8) on the temporal gravity recovery quality
for August 2008. All solutions are solved up to degree and
order (d/o) 40. For comparison, we use the standard devi-
ation of CSR GRACE mascon solutions (Save et al., 2016)
to represent the power of real-world temporal gravity
(brown line with dot in Fig. 6a and 6b). If the error curve
is below the mascon curve, we predict the temporal signal
could be well observed up to that degree. If the error curve
is above the mascon curve, it may not be able to fully
recover the signals associated with those degrees. We define
1 order of magnitude difference between the error curve
and signal curve as our threshold of recoverability (e.g.
Bezdek et al., 2016; Zhang et al., 2021). For instance, if
the error curve is one order of magnitude higher than the
signal (mascon) curve at degree x, we consider
degree x as our maximum recoverable degree. This crite-
rion will be used to quantify the effect of each error source
on the gravity recovery.

The simulation result suggests that the GNSS observa-
tion error is one of the largest error sources (Fig. 6a, red
line with square), which agrees with the previous studies
(e.g., Zhou et al., 2020). A 5 mm GNSS phase error will
restrict the recovery to only degree 15. The attitude obser-
vation error (Fig. 6a, blue), on the other hand, has the least
effect on gravity recovery. Even the relatively high noise
(100 prad or ~ 20 arcsec) results in a gravity error that is
two orders of magnitude smaller than that of the 5 mm
GNSS phase noise. However, we should recall that a higher
accuracy attitude observation can be of great value in the
worst-case scenario where we would only have one MEMS
working in one certain direction (see section 3.1). The
impact of the MEMS accelerometers error on gravity
recovery is more prominent (Fig. 6a, green with cross) as
compared to other simulation studies (e.g. Zhou et al.,
2020; Pfaffenzeller and Pail, 2023), where GRACE grade
(or better) accelerometers are assumed. Because the MEMS

(15)
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Fig. 6. Simulation results based on different error scenarios. a) Residual degree variance (DV) for each error source, e.g., the dark blue line (with asterisk)
is the residual DV when we only have 20 arcsec attitude error. b) The residual DV for scenarios where we include all error sources. The three cases differ in
GNSS sampling rate and MEMS accelerometer errors. The purple line with cross is the median residual DV for 12 monthly solution of 2008¢c) The ground
“true” annual amplitude of mass anomalies computed from 12 monthly CSR mascon solutions in the unit of cm of equivalent water height (EWH,
1200 km Gaussian smoothing) (2008). d) Recovered annual amplitude of mass anomalies computed from 12 monthly gravity solutions (e.g. the case in

green line with asterisk in b) 1200 km Gaussian smoothing).

accelerometer accuracies considered here are 2-3 orders of
magnitude lower than the GRACE accelerometer. The
high noise case (100 nm/s?) is above the signal curve over
the entire spectrum, which can be hardly used for the
uPGRADE mission. The 10 nm/s*> MEMS noise is very
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close to the effect of 5 mm GNSS noise between degree 5
and 10. The former case is slightly better for degree above
10 while worse at lower degree (below 5) due to the 1/f
slope. This lower noise MEMS is more favorable for the
uPGRADE mission considering the goal of observing tem-



C. Zhang et al.

poral gravity. The contributions of AOD model error and
ocean tide model error (Fig. 6a, orange with diamond and
light orange with diamond) are relatively lower compared
to MEMS and GNSS errors. Considering the new release,
version 07 AOD and the refined ocean tide model, e.g.,
FES2022 (Carrere et al., 2022) and GOTS5.6 (Ray, 2020),
we foresee that the geophysical model errors can be smaller
than what we simulated here.

Fig. 6b shows the scenario with all the error sources,
where 5 mm GNSS error, 20 arcsec attitude error, AOD
and ocean tide error are used. In the all-error combined
scenario, the case with higher MEMS accelerometer obser-
vation error (Fig. 6b red with square) has the least science
value, where the accelerometer corrupts the full spectrum.
Increasing the MEMS accuracy to 10 nm/s® clearly
improves the gravity in all degrees, especially at low
degrees (Fig. 6b red with square vs blue with cross). Espe-
cially considering that continental scale climate patterns
are dominated by low degrees, the improvement at low
degrees is very important. By increasing the sampling rate
of the GNSS observation from 30 s to 10 s (Fig. 6b blue
with cross vs green with asterisk), the solution is further
improved for degrees above 5 by up to a factor of 2. The

factor is close to the expected value of v/3 = 1.73 as a result
of stochastic averaging of 3 times more data. However, lim-
ited by the noise level of the MEMS accelerometer (e.g.,
Fig. 6a light green with cross vs light red with square),
the improvements in degrees 2 and 3 are insignificant by
increasing the sampling rate of GNSS observations. We
find the errors are mainly from C20 and C30. If we drop
these two terms, the residual degree variance can drop by
almost one order of magnitude (e.g., degree 2 in Fig. 6b,
light green with diamond). A similar situation is also found
in the real GRACE and GRACE-FO gravity field solu-
tions, where the degraded accelerometers in the late
GRACE period and the current GRACE-FO reduced the
accuracy of Cy and Cs coefficients. These two coefficients
are recommended to be replaced with the SLR observed
value (e.g. Loomis et al., 2019, 2020). Degrees 2 and 3
are two of the most important components in monitoring
the polar ice-sheet mass loss and global mean sea level
change (Loomis et al., 2019, 2020). Thus, a MEMS
accelerometer that has accuracy higher than the current
simulation assumption is highly desired for the sake of
maximizing the mission’s science return.

We extended the simulation to the whole year of 2008
and estimated 12 monthly gravity solutions. The median
residual DV values of these 12 solutions (Fig. 6b, purple
with cross) generally algin with August 2008 (Fig. 6b, green
with asterisk). Fig. 6¢ shows the annual amplitude of
“true” mass anomalies computed from the mascon solution
with 1200 km Gaussian smoothing (Jekeli, 1981; Feng,
2019). As a comparison, the annual amplitude of mass
anomalies recovered from the case with 10 s sampling rate
GNSS observation (Fig. 6b, light green with diamond) are
shown in Fig. 6d. Under this simulation scenario, it is
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possible to detect the major hydrological signals at the
regional scale, such as the large annual fluctuation of Ama-
zon basin and the monsoon season of the Bangladesh delta.
As we mentioned before, the relatively high noise at low
degrees also presented as undesired higher noise levels near
polar regions. In summary, the uPGRADE mission has the
potential to recover temporal gravity up to degree 15 under
the current hypothetical error budgets.

6. Summary

GRACE and the ongoing GRACE-FO mission have
brought us tremendous new insights into the Earth system
since 2002 (Rodell et al., 2018; Tapley et al., 2019;
Landerer et al., 2020). The temporal gravity field models
estimated from data collected by these two missions have
been a unique and essential observable for studying a wide
range of Earth system dynamics, such as sea level change,
polar ice sheet mass balance, mountain glacier retreat,
flood and drought, groundwater depletion, earthquake
deformation and terrestrial water storage variation (Pail
et al., 2015; Chen et al., 2022; Wiese et al., 2022). Securing
a continuous temporal gravity observation and mitigating
the temporal aliasing problem has been of high interest
to the Earth Sciences community. It will also ensure a con-
tinuous gravimetric climate record of the complex Earth
system. The high cost of the current GRACE-like mission
hinders the implementation of the satellite constellations
needed to achieve the increased spatial and temporal reso-
lutions sought by the science community. It will impact the
sustainability of measurement continuity in future decades.
A viable approach is to miniaturize the size of the satellite
to CubeSat (roughly shoebox size) to reduce the cost of
gravimetric missions and use this as a first step towards
achieving a nanosat version of the current dual satellite
GRACE mission.

As an attempt to reach this objective, the uPGRADE
project aims to produce a prototype gravimetric CubeSat
based on the high-low satellite-to-satellite tracking system
like CHAMP or Swarm satellites, with the cost objective
of a fraction of the GRACE mission. As the primary pay-
load of the gravimetric satellite, the project proposes to use
the high-precision MEMS accelerometer for the first time,
roughly the size of a 2 cm square, to measure the non-
gravitational accelerations. In this study, we first reviewed
the basic dynamics of the MEMS accelerometers in the
satellite frame. We then discussed different MEMS config-
urations in terms of the number of MEMS and arrange-
ments. We concluded that the 6 MEMS parallel
arrangement is the most viable option for the uPGRADE
mission. This 6 MEMS arrangement can directly observe
the required non-gravitational acceleration by itself. Com-
pared to the perpendicular case, it can additionally mea-
sure the magnitude of the angular velocity and has a
lower construction complexity from the engineering point
of view. To demonstrate the flexibility and adaptability
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of the MEMS arrangements, we also proposed a 9 MEMS
arrangement, which can directly measure both the non-
gravitational accelerations and angular accelerations (not
only a magnitude of the angular velocity in the 6 MEMS
parallel arrangement). The latter observation is of great
value for the satellite attitude reconstruction (Harvey
et al., 2019, 2022).

The imperfect assembly of the MEMS accelerometers
may result in orientation (misalignment) and position (off-
set) errors. Based on certain assumptions and simulations
(section 4), we designed a measurement error model that
is associated with orientation and position error. The error
model provided a clear guideline on the minimum con-
struction requirement with a given desired measurement
accuracy.

Finally, we conducted an uPGRADE simulation study
using a selection of error sources for August 2008. We
found that the GNSS observation error is one of the dom-
inant error sources for gravity inversion. The impact of
10 nm/s> MEMS observation error (y = 107'%) is very close
to 5 mm GNSS error. However, its effect at the low degrees
is much more prominent, which ends up degrading the low-
degree coefficients. The C20 and C30 coefficients are partic-
ularly sensitive and affected by the MEMS error. We
extended the simulation to the whole year of 2008 under
the realistic assumptions where we have 5 mm GNSS error
with 10-second sampling rate, 20 arcsec attitude error,
10 nm/s® accelerometer error, and both AOD and OT
errors. Based on the simulation results, the uPGRADE
mission has the potential to recover temporal gravity up
to degree 15 and observe some of the major hydrological
signals at the regional scale, such as the large annual fluc-
tuation of Amazon basin and the monsoon season of the
Bangladesh delta, though with compromised accuracy at
high latitudes. Considering the high science value of low
degrees at high latitude, we will keep working on pushing
down the current projected MEMS accelerometer noise
floor and increasing the science return of the uPGRADE
mission.
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Appendix A.  The observation equations for the 6
MEMS perpendicular case (Fig. 2c) are:

A =a;+ o) o p—ay cp
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where the green color highlights linear non-gravitational
acceleration, purple color for the centrifugal acceleration
and blue color for the tangential acceleration.

The common mode of the perpendicular case:
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The differential mode of the perpendicular case:
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The observation equations of 9 MEMS configuration
(Fig. 2d) are:
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P =2p,
Differential mode yields:
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The linear combinations of the equation A(5) can isolate
the angular acceleration:
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ACC error PSD model vs realization
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If the colored noise is defined as a new PSD as
S.=Y,-Y:

We know the PSD of a white noise is constant. Specifically
s 1
Z—_y.v=1
At N

Thus, if we multiple Y (f) with %, we have the new col-
ored noise

(vector of 1)

w(t) < W(f)
1
i)=Y Az

The new PSD is %Y~ Y*% = S,. Now we can take the
inverse DFT (FFT) of W(f) to get the colored noise w(z).

Fig. B1 shows an example of the PSD in Equation (13),
where two floor variances 10 nm/s> and 100 nm/s? are used.
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Fig. Bl MEMS measurement error realization using Equation . Red and cyan dash are models based on 10 nm/s> and 100 nm/s” floor variance. Blue

and green are realized acceleration errors for these two cases.
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Appendix B.  Generate colored noise with a given PSD.

Given a standardized white noise N (1,0) and its DFT
(FFT) pair,
y(t) = Y(f),
the PSD of the noise (N points, At sampling rate) is
At

S=—Y Y~
N
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