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Nowadays, Low Earth Orbit (LEO) satellites are proposed to augment the Positioning, Navigation and Timing
(PNT) service of the GNSS satellites by directly transmitting navigation signals. In such cases, the users even-
tually need the orbits at the Antenna Phase Center (APC) of the antenna broadcasting navigation signals toward
the Earth instead of those at the satellite Center of Mass (CoM). Using real attitudes of Sentinel satellites and
simulated attitudes of different source types with enlarged instabilities, the influences of the attitude instability
on the prediction and ephemeris fitting of the APC orbits are studied. It was found that different scenarios of

attitude stabilities could lead to prediction degradations with a 3D RMS from a few millimeters to more than 4
cm. The study also showed that the ephemeris fitting errors of the APCs are not significantly impacted,
considering both the real attitudes of Sentinel-6A and the simulated attitude instabilities.

1. Introduction

In recent years, low Earth orbit (LEO) satellites have been frequently
discussed for the augmentation of the global navigation satellite systems
(GNSSs) to provide resilient ground-based positioning, navigation, and
timing (PNT) services [1-3]. The low altitudes of the LEO satellites,
ranging from a few hundred kilometers to about 1500 km [4], have been
demonstrated to improve the GNSS satellite Precise Orbit Determination
(POD) by improving the satellite geometry [5]. In addition, they benefit
PNT services directly when operating as navigation satellites. They
provide signal strengths that are 30 dB stronger than those of the me-
dium Earth orbits (MEO) GNSS satellites [6], and have a much faster
speed (about 7 km/s). This offers a rapid geometry change and a
significantly shortened convergence time of the precise point posi-
tioning (PPP) processing [7,8] and the PPP — real-time kinematic (PPP-
RTK) positioning [2]. For such reasons, navigation-oriented LEO satel-
lite constellations, such as Xona PULSAR [9] and CentiSpace [10], have
been initiated. The latter launched two test satellites S3/54 in September
2022 [11].

High-accuracy GNSS POD has been intensively investigated for de-
cades [12-16]. To enable real-time PNT services, similar to the GNSS
satellites, LEO satellite orbital products need to be provided to users

with high precision in real-time. Compared to the GNSS satellites, the
footprints of the LEO satellites are much smaller due to their much lower
altitudes [17]. This leads to difficulties in determining continuous and
high-precision orbits via the navigation signals from the LEO satellites to
a network of ground stations [18] following the traditional GNSS POD
strategies. For LEO satellites, a rather high density of ground stations is
required, and gaps caused by the ocean and remote areas are difficult to
be avoided [19,20]. Fortunately, LEO satellite orbits can be determined
with high precision either in the kinematic mode using only the GNSS
measurements or in the reduced-dynamic mode combining the GNSS
measurements tracked onboard and dynamic models [21]. Mao et al.
[22] reported a 1 cm POD accuracy in the post-processed ambiguity-
fixed solution using dual-frequency GPS observations. A near-real-time
POD accuracy from a few cm to around 1 dm can also be achieved
using GPS measurements, depending on the accuracy of the used real-
time GPS products [23,24]. Real-time GPS-based LEO POD were stud-
ied based on either a Kalman filter [25] or a batch least-squares
adjustment followed by a short-term prediction [26], achieving a sub-
dm to dm-level accuracy, depending on the strategies and the real-
time GNSS products used. Multi-constellation GNSS measurements
tracked onboard LEO satellites have also been studied in recent years for
LEO POD [27-29]. For Sentinel-6A combining the GPS and Galileo
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observations, an accuracy of about 1 dm was reported for potential
onboard real-time POD using the broadcast ephemeris [30], and an
accuracy of about 7-9 cm was achieved using the Galileo high accuracy
service (HAS) signals in simulated real-time processing [31].

While the inter-satellite links have nowadays made real-time data
downlinking possible [32], the GNSS observations tracked onboard LEO
satellites are expected to be transferred back to the ground in near-real-
time rather than waiting for the next observation time window for the
ground network. In such cases, near-real-time POD can be enabled on
the ground with powerful processing units with various choices of high-
precision real-time GNSS products that exhibit good accuracy. With a
short processing time of a few minutes, one can benefit from the
robustness and good data pre-processing capability of the batch least-
squares adjustment for a single LEO POD. The real-time orbits can af-
terward be obtained by applying appropriate prediction strategies and
fitting periods, LEO satellite orbits can be predicted in short-term, i.e.,
within half an hour, with good accuracies of a few cm, depending on the
LEO satellite orbital heights, and then fit into LEO-specific ephemeris
parameters [33,34].

The LEO satellite prediction and ephemeris fitting are, however, so
far investigated for the LEO satellite center of mass (CoM), defined here
as the CoM orbits. For future potential navigation users, it is more
convenient to directly link the LEO satellite observations to the co-
ordinates of the antenna phase center (APC), i.e., the APC orbits,
transmitting the navigation signals toward the Earth. These coordinates
are transmitted through ephemeris parameters, similar to the broadcast
ephemeris of the GNSS satellites [35].

The APC ephemeris parameters of LEO satellites are, however,
different from those of the GNSS broadcast ephemeris in the following
aspects:

e For GNSS satellites, to obtain high-precision GNSS satellite orbits and
clocks, corrections to the broadcast ephemeris are delivered to users
through real-time streams by various analysis centers. The broadcast
GNSS ephemeris usually exhibit a lower precision, i.e., generally at a
few dm to meter level, depending on the satellite constellations [36].
On the other hand, in this study, LEO ephemeris parameters are
designed to be directly fitted using high-precision real-time LEO
satellite APC orbits with similarly high accuracy, i.e., at a few cm.
LEO satellites are mostly of much lower cost compared to the GNSS
satellites, and thus could suffer from using less stable attitude control
systems. While the real-time attitude data can be tracked onboard
and transmitted to the ground, aiding the precise APC determination,
the prediction of APCs lacks attitude information and highly relies on
attitude control. As the ephemeris parameters are generated based
on the predicted APC orbits, the attitude control could also indirectly
influence the ephemeris fitting errors.

In this study, for the first time, the prediction and ephemeris fitting of
the LEO satellite APC orbits are investigated, considering the stability of
the available LEO satellites attitude control. As real LEO-dedicated
navigation satellites are not yet available for this study, the Sentinel-
6A LEO satellite, which receives dual-frequency GPS and Galileo sig-
nals, is used for demonstration purposes. The CoM orbits are predicted in
the short term and then adjusted to refer to the APC orbits. As shown in
Fig. 1, the coordinate origin of the body-fixed system is the CoM. The
satellite body-fixed system in practice (shown in blue as an example)
could slightly vary from its expectation (shown in red), as even for
science-oriented LEO satellites, the available attitude control is not
perfect. The precise correction from the CoM to the APC thus needs
precise attitude information. Due to the lack of attitude information
during the prediction interval, the attitudes are predicted to correct the
orbits from the CoM to the APC. For testing purposes, real attitudes of
Sentinel-6A and other attitude scenarios with enlarged instabilities are
simulated. The resulting degradations in the predicted APC orbits caused
by the attitude prediction, and the corresponding degradations in the
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Fig. 1. Different coordinate frames of Sentinel-6A as an example LEO satellite.

ephemeris fitting, are analyzed. The results would also inversely suggest
the expected attitude stability when these degradations are expected to
be limited within a certain level. Note that the body-fixed system could
vary for different LEO satellites, and even for the same LEO satellites in
different periods with the x-axis in or against the flight direction (e.g.,
the GRACE satellites). While the coordinate frame in Fig. 1 is illustrated
for Sentinel-6A, for Sentinel-3B used also for testing in this contribution,
the X-axis of the body-fixed system is expected to point in the opposite
direction to the along-track direction.

In the following sections, the strategy to predict the orbital correc-
tions from CoM to APC within 1 h is first introduced. Based on the real
attitudes of Sentinel-6A and Sentinel-3B, different attitude instabilities
are simulated to enlarge the potential attitude instabilities and check
their influences on the corrections. With the lack of attitude data in the
prediction interval, the attitude needed to be predicted. The resulting
degradations in the predicted APC orbits and ephemeris fitting errors
due to the attitude instabilities are analyzed. Finally, the discussions and
conclusions are given at the end.

2. Processing strategy for APC orbit prediction and ephemeris
fitting

Before the orbit prediction, the reduced-dynamic POD of LEO at its
CoM needs to be performed by combining the GNSS phase and code
observations tracked onboard with proper dynamic models. The CoM
POD results are next predicted over a short term, e.g., 1 h in this study,
resulting in the predicted CoM orbits. This process has been described in
various studies [26,33] and thus is not the focus of this study. As such, it
will not be described in this section again. Instead, this section focuses
on attitude estimation in the orbit prediction interval.

2.1. Rotation angles between default and real attitudes

For satellites aiming to transmit navigation signals toward the Earth,
the attitude is needed to allow the transmitter to steadily point towards
the Earth. With R, T, A representing the radial, along-track and cross-
track directions, the expected body-fixed frame is typically described
in the following two cases:

A. X-axis in the along-track direction (T), Y-axis pointing in the opposite
direction to the cross-track direction (-A), and Z-axis in the nadir
direction (-R);

B. X-axis pointing in the opposite direction to the along-track direction
(-T), Y-axis in the cross-track direction (A), and Z-axis in the nadir
direction (-R).

The transformation matrix from the expected satellite body-fixed
frame to the RTA frame can be expressed as:
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Rppr=(6 0 O (€Y
0 -6 0

with 6 = 1 for case A, and 5 = —1 for case B.

In practice, the attitudes of the satellite do not behave perfectly as
expected. As such, after multiplying the real body-fixed frame (i.e., the
body-fixed frame in practice) by the rotation matrix Rpagy, slight dif-
ferences would exist between the transformed body-fixed frame and the
RTA frame. The matrix Rrraops that describes the rotation from the RTA
frame to the transformed body-fixed frame is expressed as:

Ryrazst = ReopeRira @

where Rporta is the transformation matrix from the real body-fixed
frame to the RTA frame, which needs to be computed based on avail-
able attitude information and other Earth rotation information, as
described below.

Using the possible attitude information generated onboard LEO
satellites, it is possible to compute the transformation matrix Rgagc; from
the real body-fixed frame to the Earth-Centered Inertial (ECI) system,
more specifically, J2000.0 [37]:

2 % (q193 + qog2)
2 X (q295 — qoq1)
1-2x% (q; +q3)

2 x (9192 — 90g3)
1-2x (q] +43)
2 X (q293 + q0q1)

1-2x (g5 +4q3)
2 x (q192 + 909s)
2 x (193 — q0q2)

RBZECI =

3

where qo, 1, g2, g3 are quaternion elements. It can be further trans-
formed to the Earth-Centered Earth-Fixed (ECEF) system, and then to
the RTA frame as follows:

Rporta = RecerrTaRECRECEFRB2ECI ()]

where the transformation matrix from the ECI to the ECEF, i.e.,
REeci2ecEF, is related to the Earth rotation, the precession, the nutation,
and the polar motions. The transformation matrix from the ECEF to the
RTA frame (Rgcgr2rta) can be formulated based on the LEO satellite
CoM positions 71 and velocities V' in the ECEF system in two ways, i.
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As the position vector 7, and velocity vector V' are almost perpen-
dicular to each other for the near-circular LEO satellite orbits, the
Rgcerorta calculated with Egs. (5) and (6) do not differ much. In this
study, the Rgcprorta computed with respect to the satellite velocities
(Eq. (6)) is used.

With Rparta calculated according to Eq. (4), the matrix Rrrazsr (EqQ.
(2)) rotating over small angles between the RTA frame and the trans-
formed body-fixed frame can be computed. Assuming that the rotation
matrix Rrrazpr can be described with the rotation by angle ax around the
X-axis, followed by the rotation by angle ay around the Y-axis, followed
by the rotation by angle a; around the Z-axis, it can be formulated as:

Rrrazme = Rx(ax)Ry(ay)Rz(az)

1 0 0 cos(ay) O sin(ay) cos(az) sin(az) O
=10 cos(ax) sin(ax) 0 1 —sin(az) cos(az) 0O
0 —sin(ax) cos(ax) —sin(ay) 0 cos(ay) 0 0 1
cos(ay)cos(az) cos(ay)sin(az) sin(ay)
= | —sin(ax)sin(ay)cos(az) — cos(ax)sin(az) —sin(ax)sin(ay)sin(az) + cos(ax)cos(az) sin(ax)cos(ay) 7)
—sin(ay )cos(ax)cos(az) + sin(ax)sin(az) —sin(ay)cos(ax)sin(az) — sin(ax)cos(az) cos(ax)cos(ay)

e., with respect to the satellite positions (see Eq. (5)), and with respect to
the satellite velocities (Eq. (6)):

In such a case, the rotation angles ax, ay and az can be calculated as
follows:

Rrrazse(2,3) ) 8)

ax = arctan
X (RRTAZBr(37 3)
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ay = arctan (©)]
V Rornane (1, 1) + R (1,2)
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where Rgragse(m, n) represents the element at the m™ row and the n
column in the rotation matrix Rrraogt-

2.2. Constructing the transformation matrix from the body-fixed frame to
the ECEF system for APC orbit prediction

As mentioned in the last sub-section, the rotation angles between the
transformed body-fixed frame and the RTA frame can be computed as
long as the attitude data, i.e., the quaternions, are available. To predict
the APC orbits (i.e. the orbits referenced to the APC), the matrix Rrra2ps
needs to be re-constructed at each prediction epoch t;, which requires
the rotation angles ax(t;), ay(t) and az(t;) to be predicted at the corre-
sponding prediction epoch. In this study, for unknown patterns of atti-
tude instabilities, it is assumed that the predicted rotation angles ax(t,),
ay(t;) and az(t) are equal to the latest rotation angles in the POD in-
terval, denoted as ax(tp), ay(to) and az(tp). They can be expressed as:

ax () = ax(t), Ay (f) = ay(t), @z(t;) = az(to) an

where ax(tp), ay(to) and az(tp), are assumed known. The differences
between the predicted and real rotation angles at t; would then lead to
degradations when correcting the orbits from CoM to the APC.

With the predicted ax(t;), @y(t;) and az(t;), the matrix Rrraops at the
prediction epoch t; can be re-constructed according to Eq. (7) as:

Rrrazee (1) = Rx (ax (&) )Ry (ay () )Rz(az(t) ) (12)

The re-constructed matrix Rgraope(t;) helps to form the trans-
formation matrix from the real body-fixed frame to the ECEF system at
the prediction epoch ¢ with:

RBZECEF(ti) = RgCEFZRTA (ti)RETAZBi' (li)RBZBf 13

where the matrix Rgcgrorta at the prediction epoch t; can be computed
according to Eq. (6) using the predicted orbits 7' (t;) and velocities
VL(t;) in the ECEF system.

2.3. Correction of the predicted CoM orbits to APC orbits

Assuming that the vector from the LEO satellite orbits presented at its
CoM to the APC is known in the body-fixed frame based on calibrations
on the ground or in-flight, the vector can be transformed to the ECEF
system using the Rpopcer(t;) in Eq. (13) at the prediction epoch t;:

Table 1
The 18 estimable ephemeris parameters used for fitting the LEO satellite APC
orbits.

Estimable ephemeris Explanation

parameters

L Reference time

ey, ey ey =ex cos(w), e, =eXx sin(w)

Yo Yo = ® + Mo

a Semi-major axis

I Inclination at the reference time

Qo Right Ascension of Ascending Node (RAAN) at the
reference time

An Mean motion correction

I,Q Rate of the inclination and the RAAN

Cus2, Cuc2, Crs2, Crc2, Cis2, Second-order harmonic coefficients

Cic2

a, n Rate of the semi-major axis and the mean motion
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A?LE(ti) = RBzECEF(li)A7LB 14)

where A7’ represents the vector from the CoM to the APC in the body-
fixed frame, and A7’ 5(t;) denotes its counterparts in the ECEF system at
the prediction epoch t;.

With the A7’ (t;) calculated, it is possible to correct the predicted
CoM orbits (7', (t;)) into the predicted APC orbits (7' apc(t;)) as follows:

Trarc(t) = 7L(t) + A7 e(n) 15)
2.4. Ephemeris fitting of the predicted APC orbits

Using the predicted APC orbits ?L'Apc(ti), with a proper set of
ephemeris parameters and fitting time selected, the APC orbits can be
fitted into ephemeris parameters with a good precision. To well describe
the near-circular LEO satellite orbits with an eccentricity e ~ 0, the
traditional GNSS-like ephemeris parameters need to be re-formed to
avoid the near-singularity between the mean anomaly M and the argu-
ment of perigee w [38]. In general, the number of ephemeris parameters,
the length of the fitting interval, and the LEO satellite orbital heights
commonly influence the ephemeris fitting errors [26,38].

In this study, the focus is put on the enlarged ephemeris fitting errors
of the APC orbits compared to the CoM orbits due to the APC prediction.
For example, the tests are performed for 18-parameter ephemeris fitting
of Sentinel-6A at around 1300 km with a fitting time of 10 min. The 18
parameters used for the orbit fitting are listed in Table 1. Note that e, e,
and y, need to be transformed back to e, w and My after the fitting.

3. Test results

This section is split into three parts. Firstly, taking the POD solutions
of the Sentinel-6A as a representative LEO satellite example, it briefly
introduces the accuracy of the near-real-time POD and the short-term
prediction that can be achieved nowadays for LEO satellites at rela-
tively high altitudes, i.e., around 1300 km. Next, using real attitudes of
Sentinel-6A and different simulated attitude scenarios, the degradations
in the predicted APC orbits caused by the attitude instabilities are
evaluated. Finally, compared to the CoM ephemeris fitting, the errors of
fitting the APC orbits are assessed for real attitudes of Sentinel-6A and
different simulated attitude scenarios.

3.1. Multi-GNSS near-real-time POD and prediction of the CoM

Sentinel-6A receives GPS observations on L1/L2 and Galileo obser-
vations on E1/E5a. The tracking channels for Galileo observations are
E1C and E5aQ, while the channels used for the GPS processing are L1C
or L1W for L1, and L2L or L2W for L2. The CoM orbits of Sentinel-6A are
processed within 24 h with a sampling interval of 30 s in the reduced-
dynamic mode with a batch least-squares adjustment using the real-
time GNSS satellite clock and orbital products from the National Cen-
ter for Space Studies (CNES) real-time service (RTS). The data from
February 1 to 7, 2022, were used for processing. The estimated and
predicted orbits of the LEO satellite Sentinel-6A are compared with the

Table 2
The accuracies for different CoM orbit solutions of Sentinel-6A in the GPS +
Galileo combined case using the CNES RTS products.

Solution type or (m) or (m) oa (m) o3p (m) ooure (m)
POD 0.011 0.019 0.018 0.028 0.016
Prediction at 5 min 0.018 0.036 0.021 0.045 0.025
Prediction at 10 min 0.017 0.041 0.022 0.049 0.027
Prediction at 15 min 0.017 0.046 0.022 0.053 0.030
Prediction at 20 min 0.017 0.049 0.023 0.057 0.032
Prediction at 30 min 0.017 0.059 0.024 0.066 0.036
Predictionat 1 h 0.020 0.080 0.025 0.086 0.047
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reference orbits provided by the Copernicus POD service, which are
processed in the ambiguity-fixed post-processing mode and exhibit a 3D
RMSE of about 1 cm [28,39].

To assess the POD and the prediction accuracy, the starting time of
each 24 h POD interval was shifted by 5 min, resulting in more than
1700 samples of the 24 POD processing rounds over the test days from
February 1 to 6, 2022, for the POD, and the prediction is performed
during the period from February 2 to 7, 2022, after each 24 h POD
processing. For the prediction period of 1 h in this study, a fitting time of
4 h, i.e., the last 4 h in the POD processing time, is used to fit the orbital
dynamic parameters, including the six Keplerian elements, the constant,
sine and cosine terms of the solar radiation pressure (SRP) parameters
[33,40]. In addition to the errors in the radial, along-track and cross-
track directions, the 3D orbital errors and the orbital user range errors
(OURESs) are assessed. The OURE can be considered as the projection of
the orbital errors along the satellite-to-Earth direction (user location) in
a global averaged sense. Its RMS, denoted as oourg, can be expressed as:

OOURE = \/wRaR + wia (07 +03) e
where oy, or and o, represents the RMS of the radial, along-track and
cross-track orbital errors. The coefficients wg and wra are determined
based on the orbital height [41], which is estimated as 0.6398 and
0.5433, respectively, for Sentinel-6A with an orbital height of around
1346 km during the test week.

Table 2 summarizes the corresponding RMS for the whole testing
period of the CoM POD orbits and the predicted CoM orbits at different
prediction times in the radial (or), along-track (or) and cross-track (c4)
directions. The 3D RMS (o3p) and the RMS of the OURE (oourg) are
given in the last two columns. By calculating the RMS, outliers outside
the mean values +4.42 times the corresponding standard deviations are
excluded. As observed from Table 2, using high-precision real-time
GNSS products nowadays, one can achieve a rather good POD accuracy
with an OURE below 2 cm and a 3D RMS around 3 cm in near-real-time.
The 3D RMSE and oougrg up to 1 hr prediction time are less than 9 cm and
5 cm, respectively.

3.2. Attitude stability and APC orbit prediction

As mentioned in Section 2, the attitude stability will influence the orbit
correction from CoM to APC in the prediction interval, which lacks real
attitude quaternions. In this section, the attitude stability of Sentinel-6A is
evaluated, and a few other scenarios of attitude instabilities are simulated.
The degradations in the predicted APC orbits due to the loss of attitude
information are then analyzed under different attitude scenarios.

mlA l

0.2

0.15

0.1

0.05

Angle (degree)
o

VNI
L
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3.2.1. Attitude stability

Using the reference orbits and velocities provided by the Copernicus
POD service, the left panel of Fig. 2 shows the three rotation angles
between the transformed body-fixed frame and the RTA frame computed
from the presented method (see Egs. (7)-(10)) for Sentinel-6A on
February 1, 2022. It can be seen that the attitudes of Sentinel-6A follow
well the expectation (see Case A in Section 2.1) on the test day, i.e., the
rotation angles are all within + 0.2 degrees. The variation in the rotation
angles exhibits periodic patterns, which can be verified from analysing
their Fast Fourier Transformation (FFT) plot (see the right panel of
Fig. 2). The definition of the rotation angles ax, ay and az are given
before Eq. (7). From the right panel of Fig. 2, it can be seen that all three
angles have once-per-revolution (1/rev) periodic effects, and angle a is
dominated by a twice-per-revolution (2/rev) pattern. The RMS of the
three rotation angles and the corresponding variation rates of the angles
are given in Table 3. It can be seen that for both tested Sentinel satellites,
the rotation angles have an RMS around or below 0.1 degrees, and the
RMS of the angle rates are generally between 0.0001 and 0.0002 degrees
per second.

Taking the attitudes of LEO satellite Sentinel-3B as another example,
the left panel of Fig. 3 shows its three rotation angles between the
transformed body-fixed frame and the RTA frame on August 15, 2018.
Clear 1/rev and 2/rev patterns can also be observed in the FFT plot
(shown on the right panel of Fig. 3). As depicted in Table 3, the RMS of
the rotation angles of Sentinel-3B are generally at the same level as those
of Sentinel-6A, i.e., around or below 0.1 degrees. The angle rates have an
RMS of around 0.0001-0.00025 degrees per second. In the right panel of
Fig. 3, a small peak exists for ax (blue) in addition to the dominant peaks
for ay (red) and oz (green), similar to the case of Sentinel-6A.

To consider situations of a less stable attitude control than those of
the two tested Sentinel satellites, scenarios A to F are tested with the
three rotation angles simulated with different performances. Scenarios A
to C contain 1/rev periodic patterns for all three rotation angles and 2/
rev periodic patterns additionally for az, while scenarios D to F have the
rotation angles simulated as random-walk processes. More specifically,
the rotation angles in Scenarios A to C are simulated as follows
considering the periodic patterns shown in the Figs. 2 and 3:

2
ay = Aay + Ag x sin (?ﬂ X t) a7)

ay = Aay +Ag ><sin<g+2?ﬂ><t> (18)

0.12

ox
Qy

0.1F

Qg

0.08 1

0.06 |

0.04 -

FFT Amplitude (degree)

0.02 1

Time (h)

Fig. 2. (Left) Rotation angles between the transformed body-fixed frame and the RTA frame (see Egs. (7)-(10)) and (right) their FFT for Sentinel-6A on February 1,

2022. “T” in the right panel indicates the orbital period of Sentinel-6A.
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Table 3
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RMS of the rotation angles and the angle rates between the transformed body-fixed frame and the RTA frame for LEO satellites Sentinel-6A and Sentinel-3B. Note that

“6A” and “3B” refer to Sentinel-6A and Sentinel-3B, respectively.

Parameter ax ay az
6A 3B 6A 3B 6A 3B
Mean of the angles 0.002° 0.000° 0.064° 0.001° —0.040° —0.001°
STD of the angles 0.006° 0.002° 0.078° 0.040° 0.084° 0.111°
RMS of the angles 0.006° 0.002° 0.101° 0.040° 0.093° 0.111°
RMS of the angle rates 0.00015°/s 0.00008°/s 0.00017°/s 0.00013°/s 0.00019°/s 0.00025°/s
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Fig. 3. (Left) Rotation angles between the transformed body-fixed frame and the RTA frame (see Egs. (7)-(10)) and (right) their FFT for Sentinel-3B on August 15,

2018. “T” in the right panel indicates the orbital period of Sentinel-3B.

Table 4
Simulation scenarios for the rotation angles between the transformed body-fixed
frame and the RTA frame.

Scenario  Pattern Mean of Averaged RMS Averaged RMS
rotation of rotation of angle rates
angles (°) angles (°) (©/s)

A Trigonometric 0.002/ 0.132 0.00015

functions 0.070/
—0.050

B 0.003/ 0.249 0.00030
0.070/

—0.051

C 0.004/ 0.611 0.00075
0.070/

—0.052

D Random-walk 0.067/ 0.150 0.00033
processes 0.206/
—0.066

E —-0.226/ 0.280 0.00050
0.019/

—0.368

F 0.208/ 0.647 0.00125
—-0.820/

—0.281

2

az = Aaz +Ag X | sin 2”+4”><t + sin 2”+ Xt
2= 2tz as 3T "3 T

where T denotes the orbital period of the LEO satellite. Aax, Aay and
Aay are offsets in the rotation angles ax, ay and az, respectively, which
are set to 0.002, 0.07 and —0.05 degrees in the three directions,
respectively, for the Scenarios A to C. Ag is the amplitude of the periodic
rotation angles, which are set to about 0.15, 0.3, and 0.75 degrees for
Scenarios A, B and C, respectively.

19

For Scenarios D to F, the random-walk rotations are simulated as
follows:

ax = Aax + cumsum(cs x randn(n,) ) (20)
ay = Aay + cumsum(os x randn(n,) ) 21
az = Aaz + cumsum(os x randn(n,) ) (22)

where randn(n;) generates a Gaussian white noise with n; denoting the
number of simulated time points. os denotes the standard deviation of
the white noise for scenario S, which is set to 3.3 x 1074, 5 x 10~* and
0.0013 degrees for Scenarios D, E and F, respectively. The cumsum( e )
term calculates the accumulated sum of the time series in (o). In
addition to the trigonometric functions and random-walk processes,
other patterns and noise types could exist in the rotation angles, e.g.,
white noise. They are worthwhile to study in future research, but they
were not attempted in this contribution.

Table 4 gives the statistics of the rotation angles for these different
simulation scenarios. Enlarged attitude instabilities are introduced
compared to those of the tested Sentinel satellites. The three rotation
angles of Scenarios A and D are shown in Fig. 4 for the first 24 h. The
very weak attitude control, e.g., that may be used in some CubeSats, are
not assumed to be used in navigation LEO satellites, and thus are not
discussed in this study.

The rotation angles under different simulation scenarios exhibit
different short- to long-term stabilities. The Modified Allan Deviations
(MDEVs) of the rotation angle a7 are illustrated in Fig. 5 under Scenarios A
to F. For comparison purposes, the real rotation angle az of Sentinel-3B on
August 15, 2023, are also given (see the grey line). Scenarios A to C with
periodic patterns show good short-term stabilities, but enlarged MDEVs
can be observed at longer averaging times due to the periodic behaviors in
the simulations. For Scenarios D to F, the short-term stabilities are worse
than those of Scenarios A to C, but the MDEVSs are reduced to a lower level
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in the first 24 h.

——Scenario A
——Scenario B
——Scenario C
——Scenario D
——Scenario E

Scenario F
——Sentinel-3B

10’8

10" 102 108 10*

Averaging time 7 (s)

Fig. 5. MDEV of the rotation angle a; under different simulation scenarios and
for real data of Sentinel-3B on August 15, 2018.

at increasing averaging times. From Fig. 5 it can be seen that the periodical
variations in Sentinel-3B play a dominant role in its mid- to long-term
stabilities. These systematic effects covered other noise types.

3.2.2. Degradations in the predicted APC orbits

Based on Section 2, the APC orbits can be determined after con-
structing the transformation matrix from the body-fixed frame to the
ECEF system (Rp2gcgr), and when the vector from the CoM to the APC
(A7’1) is known in the body-fixed frame (see Eq. (14)). The latter term
relates to the LEO satellite antenna transmitting navigation signals to-
ward the Earth, which does not exist for the tested Sentinel satellites. For
a science-oriented LEO satellite, the antenna sensor offsets (ASO) from
the CoM to other antennas are typically at meter level, e.g., the ASO of
GNSS antennas at Sentinel-6A. As such, the A7’ is set to (1 m, —0.01
m, 1.2 m) in this study for demonstration purposes. The APC orbits in the
prediction period are first determined by correcting the CoM in the
prediction interval with the known attitude quaternions, forming the
references for comparison with the predicted case later (see Section 2.2).
The differences of the estimated APC orbits between these two terms, i.
e., with known and predicted attitudes, form the degradations of the
predicted APC orbits caused by attitude instability.

Fig. 6 shows the degradations of the Sentinel-6A APC orbitsin the 1 h
prediction period due to the attitude instability. The prediction interval

0.02 - —Radial 4
— Along-track
—— Cross-track
E 0.01
c
o
© 0 f
e}
i
[
o)
0 -0.01+F 1
-0.02 - 1
500 1000 1500 2000 2500 3000 3500

GPST (s)

Fig. 6. Degradations in the predicted APC orbits in 1 h prediction interval due
to the attitude instability. The real attitudes of Sentinel-6A on February 2, 2022,
were used.

started at 00:05:00 in GPS Time (GPST) on February 2, 2022. The
rotation angles at the prediction starting time were used during the
entire prediction interval, which slightly varies from the real rotation
angles during this period. As shown in Fig. 6, the attitude instability of
Sentinel-6A leads to degradations of a few millimeters. It can be also
observed that the degradations do not always increase with the pre-
diction time. In the radial (shown in blue) and along-track (red) di-
rections, the degradations begin to decrease at around the prediction
time of 40 min. This could be related to the periodic behaviors of the
rotation angles, as depicted in Fig. 2.

The simulation scenarios in Table 4 give more possibilities for
studying the APC orbit degradations. Fig. 7 illustrates the APC orbit
degradations in the along-track direction for Scenarios A to F, where
those of Sentinel-6A are given for comparison (grey line). It can be
observed that Scenarios A to C with periodic behaviors generally exhibit
larger degradations than those for Scenarios D to F with higher short-
term noise. For Scenario C with an RMS of about 0.6 degrees of the
rotation angles, the degradation has reached a few cm.

Using the data from February 2 to 8, 2022, with starting time of the 1
h prediction interval shifted from 00:00:00 on February 2, 2022, to
23:55:00 on February 8, 2022, with a step of 5 min, 1728 samples (from
February 2 to 7, 2022) were used to evaluate the RMS of the degrada-
tions at different prediction times. Fig. 8 shows the OURE of the deg-
radations in the predicted APC orbits caused by the attitude instabilities
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Fig. 8. OURE of the degradations in the predicted APC orbits due to attitude
instabilities for Sentinel-6A with different simulation scenarios.

at different prediction times and for different scenarios. The results for
Sentinel-6A are also plotted for comparison. It can be observed that
Scenarios A to C with increasing periodic patterns lead to relatively large
OURE degradations, i.e., nearly 2 cm for Scenario C. However, the
degradation does not always increase with the prediction time. This is
related to the periodic behaviors of the simulated rotation angles. In
contrast, although with relatively large short-term noise, Scenarios D to
F, which are based on simulated random-walk rotation angles, exhibit
much smaller OURE degradations during the prediction hour, i.e., a few
millimeters. However, the OURE increases almost linearly with time.
This suggests that the OURE will get larger for a longer prediction time
when applying the random-walk scenarios.

The averaged RMS of the degradations in the predicted APC orbits
are illustrated in Fig. 9 for Sentinel-6A with different simulation sce-
narios. Among the three directions, the RMS of the cross-track directions
exhibits the largest amplitudes, which is related to the smallest cross-
track element in the offset vector from the CoM to the APC as defined
at the beginning of this sub-section. The 3D RMS, as shown in Fig. 9,
reached 4 cm for Scenario C with a relatively large periodic pattern in
the rotation angles (0.6° in 1D on average).

3.3. Ephemeris fitting of the LEO satellite APC orbits

The LEO satellite CoM orbits can be fitted into LEO-specific
ephemeris parameters. For proper selection of the ephemeris parame-
ters and a short fitting time, the CoM fitting errors can be limited to a
small amplitude, e.g., a few millimeters in the OURE for 18-parameter
fitting and a fitting time of 10 min using the Sentinel-3B flying at
about 810 km [26].

Compared with the CoM orbits, the motion of the APC orbits is not
only influenced by the orbital dynamics, but also the attitude itself. This
does not only affect the prediction of the APC orbits as described in
Section 3.2 but could also affect the ephemeris fitting, as the ephemeris
parameters do not intend to cover the instability of the satellite attitude.
In this section, based on the real attitudes of Sentinel-6A and the
simulated attitudes in Scenarios C and F, i.e., the two simulation sce-
narios with the largest attitude instabilities, the errors of the 18-param-
eter APC ephemeris fitting are studied. The analysis is split into two
categories for each type mentioned above, i.e., the APC orbit fitting with
known quaternions, and the APC orbit fitting using predicted attitudes
(see Eq. (11)). The fitting time is set to 25-35 min in each prediction
interval to cover the period with the largest degradation in the APC orbit
prediction in Scenario C (see Fig. 8). The start of the fitting time is
shifted from 00:25:00 (GPST) on February 2, 2022, to 00:20:00 (GPST)
on February 3, 2022, with a step of 5 min. The orbits were fitted using a
one-second sampling interval.

The average RMS of the ephemeris fitting are listed in Table 5 for the
CoM orbits, the known and predicted APC orbits for Sentinel-6A. Those
of the simulation Scenarios C and F are also given for the known and
predicted APC orbits. It can be seen that the investigated attitude in-
stabilities have no significant influences on the ephemeris fitting. The 3D
RMS of the fitting errors remains almost the same when fitting the APC
orbits instead of the CoM orbits. With the short ephemeris fitting in-
terval of 10 min, the ephemeris fitting errors do not vary much for
different scenarios as long as corrections from the CoM to the APC are
“smooth”. The prediction accuracies themselves do not play a major
role. This agrees with the conclusions of Wang et al. [26], where the
ephemeris fitting errors for predictions of POD results of different ac-
curacies are very similar. The ephemeris fitting errors are mainly
determined by the following factors:

e Length of the fitting interval
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Table 5

Average RMS of the 18-parameter ephemeris fitting errors of the APC orbits
under Scenarios C, F, and for Sentinel-6A with known and predicted attitudes.
Those for the CoM orbits are given for comparison.

Scenario OR or N 03D OOURE
(mm) (mm) (mm) (mm) (mm)

CoM 0.8 3.4 0.5 3.6 2.0

C (known) 0.9 3.4 0.6 3.6 2.0

C (predicted) 0.9 3.4 0.6 3.6 2.0

F (known) 0.9 3.4 0.6 3.6 2.0

F (predicted) 0.9 3.4 0.6 3.6 2.0

Sentinel-6A (known) 0.9 3.5 0.6 3.6 2.0

Sentinel-6A 0.9 3.4 0.6 3.6 2.0

(predicted)

e Height of the LEO satellites
e Number of the ephemeris parameters.

As shown in Wang and El-Mowafy [19], for a certain LEO satellite
and a certain fitting strategy, the ephemeris fitting errors do not
significantly increase with time even for a prediction period of 6 h with a
prediction period of a few meters, as long as the prediction strategy is
good enough to produce the orbital flow described by the ephemeris
parameters.

4. Conclusions and discussions

Nowadays, real-time orbital products of LEO satellites are required at
a high accuracy to fulfill the needs of different applications. For navi-
gation purposes, instead of the CoM orbits, users need the orbits at the
APC of the antenna transmitting navigation signals toward the Earth.
This requires correcting the CoM to the APC orbits in real-time, and for
ephemeris fitting, in a short-term prediction period.

With precisely known attitudes of the LEO satellite and precise
calibration of the antenna sensor offset and the antenna phase center
offset (PCOs), the correction from the CoM to the APC orbits should be of
high precision. However, in the prediction interval, the attitude infor-
mation can only be predicted. Instead of using the default/expected
attitude of the satellite, it is possible to predict the attitude in the pre-
diction period based on the latest attitude information, which contains
possible offsets in the rotation angles to the default attitudes. Never-
theless, the temporal attitude variation from the default ones, i.e., the
attitude instability, would still influence the predicted attitude and the
predicted APC orbits. Furthermore, compared with the ephemeris fitting

of the CoM orbits influenced only by the orbital dynamics, the fitting of
the APC orbits is affected by the satellite attitudes.

In this study, the real attitudes of the LEO satellite Sentinel-6A were
used as examples, together with other amplified attitudes simulated
with 1/rev and 2/rev periodic functions or random-walk processes. The
degradations in the predicted APC orbits caused by attitude instabilities
were assessed. For Sentinel-6A, the rotation angles from the real to the
default attitude exhibit 1/rev patterns in all three directions, and 2/rev
patterns around the Z-axis (nadir direction). The RMS of the rotation
angles are around 0.06-0.1 degrees, which results in a few millimeters of
degradations (RMS) in the predicted APC orbits within the first predic-
tion hour. For simulation scenarios with similar periodic patterns but
enlarged RMS of the rotation angles, up to about 0.6 degrees, the 3D
RMS of the degradations has reached 4 cm. For simulated random-walk
processes of the rotation angles, without periodic patterns but with
larger short-term noise, the degradations are much smaller but increase
linearly with time. For the RMS of the random-walk rotation angles at
around 0.6 degrees, the 3D RMS of the APC orbit degradations remains
about 3 mm at a prediction time of 1 h.

The influences of the attitude instabilities are also studied for the
ephemeris fitting of the APC orbits. For 18-parameter ephemeris with a
fitting time of 10 min, compared with the CoM orbit fitting, it was shown
that the RMS of the degradations in the APC fitting errors remains
insignificant for both the real attitudes from Sentinel-6A and the simu-
lated scenarios. The results of this study suggest that for future LEO
navigation satellites with proper attitude control, it is applicable to
compute precise APC orbits for short-term prediction periods with pre-
dicted attitudes. These predicted attitudes can then be fitted into LEO-
specific ephemeris parameters without significantly experiencing large
fitting errors.
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