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Abstract

By leveraging the high-precision spatial reference established with Global Navigation Satellite System (GNSS), we
propose a low-ground-dependency and low-latency Precise Orbit Determination (POD) method employing onboard
GNSS, Inter-Satellite Link (ISL) observations and readily available GNSS broadcast ephemerides, thereby reducing

the need for additional ground infrastructure in the construction of Low Earth Orbit (LEO) navigation augmentation
systems. By combining ISL and GNSS data from LEO satellites, this method integrated estimates the orbits of both LEO
and GNSS satellites, forming a high-low unified constellation. Due to the lack of absolute spatial reference, it is inevi-
tably subject to a common systematic rotation. To correct this, we introduce an approach that estimates the rotation
angles between the coordinate system implied in the integrated GNSS POD solutions and that of the broadcast eph-
emerides. These angles are then used to construct rotation correction matrices and remove the systematic rotation
errors from the integrated POD solutions. We validate the method using 24 BeiDou-3 Satellite Navigation System
(BDS-3) Medium Earth Orbit (MEO) satellites and a LEO constellation consisting of 66 LEQO satellites. After correction,
the along- and cross-track orbit errors of LEO constellation decrease from 22.7 cm and 39.3 cmto 1.3 cmand 4.2 cm,
respectively; for BDS-3 MEO satellites, they reduced from 124.3 and 137.8 cm to 13.2 and 13.7 cm. However, some
residual error remains due to the systematic rotation inherent in the broadcast ephemerides. When this is removed,
Three-Dimensional (3D) accuracy improves from 4.4 to 1.0 cm for LEO satellites, and from 19.3 to 4.6 cm for MEO
satellites. As the rotation has less effect on the radial component, radial errors remain at 0.2 cm for LEO satellites

and 3.4 cm for MEO satellites. Additionally, we show that, thanks to ISL connectivity, accurate POD is achievable even
when only a subset of LEO satellites carries GNSS receivers. Finally, we assess the impact of using predicted Earth Rota-
tion Parameters (ERP), and find that ERP prediction errors mainly affect the rotation correction but less the integrated
POD process.
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Introduction

In recent years, several Low Earth Orbit (LEO) sat-
ellite constellation plans have been proposed and
constructed, including OneWeb, SpaceX, and CEN-
TISPACE™ (Reid et al., 2016; Yang, 2019). These LEO
constellations not only offer global broadband internet
services but also can operate as independent naviga-
tion systems or to enhance existing Global Navigation
Satellite Systems (GNSS) (Giorgi et al., 2019; Li et al.,
2024; Reid et al., 2016; Yang et al., 2023). A key require-
ment for these applications is the Precise Orbit Deter-
mination (POD) of LEO constellations. For the LEO
constellations equipped with Inter-Satellite Link (ISL)
payloads, ISL-based ranging measurements can be used
in POD processing (He et al., 2022; Homssi et al., 2022;
Li et al., 2019; Lv et al., 2020; Xie et al., 2019).

The concept of ISL was first proposed and employed
for Autonomous Navigation (AutoNav) in the Global
Positioning System (GPS) (Ananda et al., 1990; Kur &
Kalarus, 2021; Maine et al., 2003; Rajan, 2002; Rajan
et al, 2003a, 2003b). It was then used in the Bei-
Dou-3 Satellite Navigation System (BDS-3) and Galileo
(Ferndndez, 2011; Ren et al., 2017; Yang et al., 2023).
Numerous studies have demonstrated that ISL can
significantly enhance the POD accuracy and reduce
the dependency of GNSS satellites on ground sta-
tions, potentially enabling AutoNav (Cheng et al., 2023;
Ginther, 2018; Guo et al., 2020; Kur & Kalarus, 2021;
Lv et al., 2020; Michalak et al., 2021; Tang et al., 2018;
Xie et al., 2019). In addition to GNSS, ISL has also been
used within LEO constellations for POD. Li et al. (2019)
investigated the influence of different ISL link topolo-
gies on POD accuracy and concluded that an “all-con-
nected” link topology can offer a superior performance.
He et al. (2022) analyzed how the number and distri-
bution of ground stations affected the POD accuracy
of LEO constellations using both ISL and satellite-to-
ground ranging measurements. They noted that a uni-
form global distribution with a substantial number of
stations was ideal for the POD of satellite constella-
tions. However, such an arrangement is often impracti-
cal due to geopolitical and geographical factors, as well
as the high costs of construction and maintenance. This
challenge is especially significant for LEO constella-
tions, which comprise a large number of satellites with
a footprint only about one-tenth that of Medium Earth
Orbit (MEO) satellites. As a result, a greater number of
ground stations is theoretically required (Li et al., 2024;
Reid et al., 2016). When only a few or no ground sta-
tions are available for tracking the LEO constellation,
relying only on ISL for POD can lead to the constel-
lation rotating around the geocenter (Lv et al., 2020;
Marz et al., 2021; Schlicht et al., 2020).
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The overall rotation is primarily caused by perturba-
tions affecting the satellites, and the inability to accu-
rately determine the orbital orientation parameters when
using only internal ranging measurements, such as ISL,
in the POD process (Ananda et al., 1990; Liu, 2008; Menn
& Bernstein, 1994). The perturbations in the cross-track
direction of the orbital plane, such as those caused by
the J2 geopotential term and solar radiation pressure,
can lead to gradual changes in orbital inclination i and
the Right Ascension of the Ascending Node (RAAN) €,
manifesting as the overall rotation of the constellation
(Ananda et al., 1990; Liu, 2008). Furthermore, since ISL
only provide relative measurements between satellites, it
cannot detect this rotation, which is known as the rota-
tional unobservability issue associated with ISL (Menn
& Bernstein, 1994). Zhang (2005) explained that ISL can
constrain orbital orientation parameters such as inclina-
tion i, argument of perigee w, and the different compo-
nent of the change of RAAN, i.e. AQ, for each satellite.
However, they cannot constrain the same component of
A, which leads to the overall rotation of the constella-
tion. Essentially, the unobservability issue of ISL arises
from the rank deficiency in the design matrix used in
POD processing, due to the absence of an absolute spatial
reference (Li et al., 2019; Zhang, 2005).

Numerous studies have explored the methods to
acquire spatial datum to address the overall rotation
of satellite constellations. Rajan et al. (2003a) dem-
onstrated that by introducing ranging measurements
between ground anchor stations and satellites, the con-
stellation’s overall rotation can be effectively managed.
Lv et al. (2020) utilized ISL from 21 BDS-3 satellites and
two ground anchor stations and obtained POD solutions
with an accuracy range of 7.0 cm to 10.0 cm. They dem-
onstrated that two anchor stations only provide a weak
constraint on orbital orientation. Ananda et al. (1990)
proposed an alternative approach to control the overall
rotation by constraining or fixing certain orbital orien-
tation parameters derived from the reference ephemeris
uploaded by the Operational Control Segment (OCS).
For LEO constellations, Li et al. (2019) employed the a
priori precise orbits of a subset of LEO Satellites (LEOs)
within the constellation to constrain the orientation
parameters, which can effectively control the overall rota-
tion. Another option for obtaining spatial benchmarks is
using astronomical observations. However inaccurate
star sensors can lead to large POD errors of meters or
even kilometers (Hong et al.,, 2021; Shang et al,, 2018; Yu
etal., 2019).

In addition to the previously mentioned methods,
LEO satellites can obtain spatial datum through utilizing
onboard GNSS observations in the POD process. Over
the past 20 years, the use of onboard GNSS for POD was
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successfully validated in many LEO missions, yielding high-
accuracy orbit products at precision levels of 1.0 cm to
3.0 cm (Arnold et al., 2019; Jiang et al., 2023; Montenbruck
et al., 2021). For the LEO constellation, Svehla & Rothacher
(2004) achieved a significant milestone by resolving the first
GPS baseline in space using fixed double-difference ambi-
guities with onboard GPS observations from the GRACE-
A/B satellites. Subsequently, the first demonstration of
combined POD for a network comprising a LEO constel-
lation and the GPS constellation was achieved using the
COSMIC-1 mission, which consists of six LEO satellites
(Svehla & Rothacher, 2005; Svehla, 2018). This approach
enabled the simultaneous estimation of the orbits of both
GPS and COSMIC-1 satellites, with the orbit of one COS-
MIC-1 satellite held fixed as a reference. As for the huge-
scale LEO constellation, Yang (2022) employed onboard
GPS observations from a LEO constellation consisting of
168 LEOs for the post-POD process, and obtained POD
solutions with Three-Dimensional (3D) orbit accuracy bet-
ter than 3.0 cm. This study also demonstrated that with the
support of additional ground tracking stations, accuracy
can be further enhanced. However, these accurate orbit
products are heavily reliant on the final GNSS orbit and
clock products provided by the International GNSS Service
(IGS) (Hackel et al., 2017), which limits their timeliness. An
alternative approach for LEOs is to use GNSS broadcast
ephemeris for low-latency or even Real-Time Precise Orbit
Determination (RTOD). However, due to the lower quality
of broadcast ephemeris, the POD accuracy in this case can
only reach the decimeter level (Montenbruck et al., 2008,
2022; Li et al., 2023a, 2023b).

In this study, we introduce a method for correct-
ing LEO constellations’ systematic rotation errors by
extracting the coordinate system implied in GNSS broad-
cast ephemerides as the external spatial reference. This
approach employs an integrated POD strategy that pro-
cesses ISL and onboard BDS-3 observations from LEO
satellites to simultaneously estimate the orbits of both
LEO and BDS-3 MEO satellites. Due to the absence of
the external spatial reference frame, the integrated POD
solutions are prone to systematic rotational biases. Then
this method corrects these systematic biases by referenc-
ing the relatively accurate BeiDou Coordinate System
(BDCS) implied in the readily available BDS-3 broadcast
ephemerides (Liu et al., 2019). In this paper, we employ
the BDS-3 MEO Satellites (MEOs) for validating the fea-
sibility of the method and it is worth noting that we focus
solely on constellation rotation, no translation effects.

This paper is organized as follows: Sect. 2 presents
the observation models and the basic principles of this
rotation correction method. Section 3 describes the
employed LEO constellation simulation and the POD
strategies. Section 4 provides a comprehensive analysis of
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the feasibility and the effectiveness of this rotation cor-
rection method. Finally, detailed summaries are drawn.

Models and method

In this section, we first introduce the observation mod-
els of ISL and onboard BDS-3 measurements used in the
integrated POD process. We then detail the principles
and methodology of the constellation rotation correction
for mitigating systematic rotation errors in the integrated
orbit determination of LEOs and BDS-3 MEOs.

Observation models

The undifferenced Ionospheric-Free (IF) (Montenbruck
et al., 2018) combinations of onboard BDS-3 dual fre-
quency code and carrier phase observations are adopted
in the integrated POD processing. The IF combinations
can be expressed as follows:

cp
PEEO,}',IF = |Rmeo — Rieol + tieo — t© + ko, (1)

C C
Ligo,jir = IRMeo — Rieol + teo — ¢

~c cL
+ N0 iF + €1EO,

(2)

In this paper, we employ B1C and B2a frequency of
BDS-3. PLCEOJ-,IF and LEEO,j,IF are the IF combinations of
code and carrier phase observations at epoch ¢. Super-
script C refers to the BDS-3 and subscript LEO and
j represent the LEO satellites and carrier frequency,
respectively. [Ryveo — RiEo| is the geometrical distance
between BDS-3 MEOs and LEOs. t1ro and € are clock
offsets of LEOs and BDS-3 MEOs in meters, respectively.
ANLCEO j[F means the IF carrier phase ambiguity in meters.

.98’5% ; and 851’316 j donate code and carrier phase observa-
tion errors, respectively.

For the ISL ranging measurements, the dual one-way
ranging mode is employed and the original observation
models of a pair of forward and backward ranging meas-
urements are expressed as follows (Xie et al., 2019):

Preo,, (1) = |RLEOA (t1) — Rreoy (11 — tl)‘
+ C[tLEoA (t1) — tLeog (1 — tl)}

3)
+o(dis, + dio, ) + bieo,
+ ELEO,;
PLeog, (82) = |Rieog (f2) — Ripo, (ta — 1)
+ ¢[tLEog (£2) — tLEO, (f2 — 1) ]
(4)

+ o558, + diso, ) + bueog,

+ ELEOR,
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where Pigo,, (¢1) and Pigo,, (f2) are forward and back-
ward ranging observations received by LEO satellites
A and B at epoch ¢; and £, and A¢; and At; are signal
propagation time, respectively. R o, and Rigo, are the
phase centers of the terminals transmitting or receiving
the ranging signals of LEO satellite A and B at a certain
epoch. firo, and tigo, are their satellite clock offsets,
respectively. di%rgA and di‘gg}g donate the transmitting
hardware delay and d ¢, and d[q,, represent the receiv-
ing hardware delay, respectively. c is the speed of light.
biro,, and biro,, are some systematic errors, such as
relativistic effects and gravitational time delay. e1 g0, , and
ELEOg, are ranging noises.

In the integrated POD process, the Clock-Free (CF)
combined observation which is transformed to epoch ¢,
(Xie et al., 2019) is processed. It is expressed as follows:

PrE0,; (t0) + PLEOR, (f0)
2
= |Rieog (t) — RiEo, (f0) |

PrEo,p,cE(0) =

(5)
+ ¢(Dreo, + DrEog)
biro,, + biEo
ZLEOp T OLEOps | o o
dsend +dree
where DLEOA — (LEOAizLEOA) and
dsend dree
Dirog = M are half of the sum of sending-

end and receiving-end hardware delays of satellite A and
B, respectively. They are estimated as constant param-
eters with orbit parameters. The detailed transformation
procedures from Eq. (3) and Eq. (4) to Eq. (5) can refer to
Xie et al. (2019) and Lv et al. (2020).

Rotation correction method

For the rotation correction method, an integrated POD
approach is first employed to process ISL and onboard
BDS-3 observations from LEOs, and the orbits of LEOs
and BDS-3 MEOs are simultaneously estimated, which
forms a unified high-low constellation consisting of the
LEO constellation and BDS-3 MEOs as illustrated in
Fig. 1. Since there is no direct observation between this
unified constellation and the ground network, it is hard
to obtain an absolute spatial reference from the ground.
Moreover, the observations used in the integrated POD
process consist solely of internal ranging measurements
within this unified constellation, generating a rotational
unobservability issue. This inevitably results in a system-
atic rotation of the entire unified constellation.

This systematic rotation manifests as the rotation of
the coordinate system implied in the integrated POD
solutions relative to the BeiDou Coordinate System, as
depicted in Fig. 2. This systematic rotation arises from
the rank deficiency of the normal equation employed in
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Fig. 1 The unified constellation consisting of the LEO constellation
and the BDS-3 MEOs with the connection through ISL and onboard
BDS-3 observations from the LEOs

A BDCS
csipA T2

RS

Fig. 2 The overall rotation of the coordinate system implied
in the integrated POD solutions (CSIP) with respect to the BeiDou
Coordinate System (BDCS)

the parameter estimation process. To address this rank
deficiency, this method utilizes the positions of BDS-3
MEOs derived from BDS-3 broadcast ephemerides to
construct virtual observation equations. These virtual
observations then participate in building the normal
equations for providing loose constraints. However, this
process only offers a coarse spatial reference and is insuf-
ficient to fully align the coordinate system implied in the
integrated POD solutions with the BDCS realized by the
BDS-3 broadcast orbits, leaving the integrated POD solu-
tions still containing systematic rotation errors. Then
this rotation correction method applies the Helmert
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transformation, as shown in Eq. (6) (Boucher et al., 2001,
Nicolini & Caporali, 2018) and use the BDCS implied
in the BDS-3 broadcast ephemerides as the reference to
quantify and correct these systematic rotation errors.

Xy 1 R, —Ry X1
Yo | = R, 1 R, o | Y (6)
Zy Ry —Rx 1 Zy

Figure 3 presents the flowchart of our rotation cor-
rection method. Since the integrated POD processing
is typically performed in the Earth-Centered Inertial
(ECI) coordinate system, the resulting integrated POD
solutions are expressed in ECI. However, the BDS-3
broadcast ephemerides are generally provided in the
Earth-Centered Earth-Fixed (ECEF) coordinate system.
In this study, we transform the broadcast ephemeris from
ECEF to ECI and use them as the spatial reference for
subsequent rotation correction of the integrated POD
solutions. As shown in Fig. 3, the broadcast ephemeris is
first converted from ECEF to ECL Subsequently, a set of
rotation angles in radians, denoted as R,, Ry and R;, rep-
resenting systematic rotations of the coordinate system
of the integrated POD solutions around the x-, y-, and
z- axes of the BDCS (as illustrated in Fig. 2), are derived
using Eq. (6), where (X3, Y3, Zy)Tand (X1, Y1, Z1)T denote
the positions of the BDS-3 MEOs derived from the
broadcast ephemerides and the integrated POD solu-
tions, respectively. These determined rotation angles
are then used to construct a rotation correction matrix.
In the subsequent rotation correction, this matrix is
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applied to the position vectors (X1, Y1,Z1)", represent-
ing the integrated POD solutions of both the BDS-3
MEOs and LEO constellation, yielding the rotation-cor-
rected positions of the unified constellation, denoted as
(X, Yo, Z) T, thereby completing the rotation correction
process. As shown in Fig. 1, this method relies solely
on LEO satellite’s onboard observations and can obtain
space reference from the relatively accurate and readily
available BDCS implied by the BDS-3 broadcast ephem-
eris, significantly reducing the dependence of the LEO
constellation POD on the distribution and number of
ground tracking stations, while enabling faster and more
efficient orbit determination.

Data and strategies

Since no real ISL or onboard BDS-3 observations from
the LEO constellation are available, they are simulated
for demonstration and analysis. This section introduces
the LEO constellation and observation simulation pro-
cess. We then discuss two POD strategies designed to
support our analytical work.

LEO constellation and onboard data simulation

In the simulation process, the orbits of the LEOs and
BDS-3 MEOs are known in advance. For the BDS-3
MEOs, we directly employ the precise orbit products
provided by GeoForschungsZentrum (GFZ). For the
LEOs, a Walker constellation (975 km, 99.8°: 66/6/2) is
simulated. This LEO constellation comprises 66 LEOs,
operating at an orbital altitude of 975 km with an inclina-
tion of 99.8°. These satellites are distributed in 6 equally

BDS-3 broadcast
ephemerides in ECEF

e

Transformation from ERP
ECEF to ECI

BDS-3 broadcast
ephemerides in ECI

Fig. 3 Flowchart of the rotation correction method

Integrated POD solutions Rotation corrected
integrated POD solutions
Orbits of Rotation_ angles Orbits of
BDS-3MEQ /- - determination e BDS-3 MEO
satelites E ; satellites
Orbits of . E )
LEO e »  Rotation correction ~ f-------- I ) Orbits of LEO
constellation constellation
ECI ECI

——» Rotation angles determination
fffff ¥ Rotation correction
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spaced orbitals and the relative spacing between satellites
in adjacent planes is 2. The Position And Navigation Data
Analyst (PANDA) software, developed by Wuhan Uni-
versity (Liu & Ge, 2003), is used to generate their orbits
based on the strategies and dynamical models listed in
Table 3. The orbits of the LEOs and BDS-3 MEOs will
also be used to assess the accuracy of the POD solution
and thus referred to as the true orbits.

For simulating onboard BDS-3 observations, the iono-
spheric delay is neglected due to the use of IF combina-
tions. The geometrical distance between the LEOs and
BDS-3 MEOs is computed using their true orbits. The
antenna products of IGS are applied for Phase Center
Offset (PCO) correction of the BDS-3 MEOs, while the
corrections for the onboard LEO receivers are set to zero.
The clock offsets for both BDS-3 MEOs and LEOs are
derived directly from the GFZ precise clock products.
The clock offsets of BDS-3 MEOs are got based on their
Pseudo-Random Noise (PRN) numbers, while the clock
offsets for the LEOs are simulated using the receiver
clock offsets of the ground tracking stations (Yang, 2022).
For ambiguity resolution, an integer N, ; is assigned to
each continuous arc for each frequency, and in the POD
process, the ionospheric-free combinations of ambiguity

NLCEO,]',IF is processed. Finally, the noise in code and phase
observations, denoted as 8](5]'3% 7 ef]’gLO,j is simulated as ran-
dom values following a normal distribution with zero-
mean and Standard Deviations (STD) of 5.0 mm and
1.0 m, respectively (Li et al., 2019). The detailed simula-
tion strategies are presented in Table 1.

To simulate ISL ranging measurements, we adopt the
“4-connected” topology (He et al., 2022), as illustrated in
Fig. 4. This topology enables each LEO satellite in the con-
stellation to maintain continuous connections with two
neighboring satellites in the same orbital plane, as well
as with the satellites in the two adjacent orbital planes.
Referring to the BDS-3 ISL observations (Xie et al., 2019),
we similarly establish each pair of ISL within a time frame
of 3.0 s. This means that the forward-ranging observation

Table 1 Simulation strategies for the code and phase observations
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is completed in the first 1.5 s, followed by a backward-
ranging observation in the subsequent 1.5 s.

The ISL ranging measurements are simulated based on
the original ISL observation models expressed by Egs. (3)
and (4). The phase centers of the antennas transmitting
and receiving the ranging signals, denoted as Rygo, and
Riroy, are simplified as the center of mass of the LEOs
derived from their simulated true orbits. The simulation
methods for the satellite clock offsets ¢1ro, and ¢ ro, are
consistent with those used for the onboard BDS-3 receiv-
ers. Given that the hardware delays of Ka-band signals
are relatively stable (Xie et al., 2019), the hardware delays

di%rgA and di%‘gB, of transmitting devices as well as the

hardware delays djfo, and dif,, of receiving devices
are simulated as small constant values. For the systematic
errors b po,,; and b go,,, we consider only the relativis-
tic effects, simulated using existing models. Based on the
findings by Xie et al. (2019), the ranging noise for BDS-3
ISL observations is less than 10.0 cm. Considering the
more complex space environment where the LEOs oper-

ate, we amplify the ranging noises €1r0,; and e ro;, as

Items Simulation strategies
Rmieo, Riko Using the simulated true orbits of LEOs and BDS-3 MEOs
tLeo Clock offsets of ground stations from the precise clock products of the GFZ
t© Clock offsets of BDS-3 MEOs from the precise clock products of the GFZ
/EEOJ Neglect as the adaptation of the IF combinations
NEEO/ One integer for each continuous arc

P CL

€LEo r €LEO,)

Random values obeying zero-mean normal distribution with 1.0 m
and 5.0 mm standard STD
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Table 2 Summary of the POD processing strategies

Strategies Employed observations
1 ISL, BDS-3 data from all LEOs
2 ISL, BDS-3 data provided by part of LEOs

zero-mean normal distributions with a standard devia-
tion of 15.0 cm.

POD processing strategies

Two POD processing strategies are designed and summa-
rized in Table 2, both following the method described in
Sect. 2.2. Strategy 1 uses ISL and onboard BDS-3 obser-
vations from all LEO satellites to first demonstrate the
phenomenon of overall constellation rotation and then
evaluate the performance of the proposed rotation cor-
rection method. Strategy 2 is developed to assess the fea-
sibility of the method in the scenarios where only a subset
of LEO satellites provides onboard BDS-3 observations.

The entire POD processing period spans from Day
of Year (DOY) 277 to 291, 2022. All data are processed
using a modified version of the PANDA software pack-
age. Each day is treated as an independent POD arc,
and the data are processed in batch mode. As this study
focuses on the systematic rotation errors of LEO constel-
lations, to avoid introducing additional biases that can
affect the validation of the introduced rotation correction
method, the same dynamical models used to generate
the LEO true orbits are also adopted in POD processing.
For BDS-3 MEOs, the differences between the dynamical
models used in PANDA and those used by GFZ may lead
to centimeter-level biases in the POD results.

For the two processing strategies, the IF combina-
tions of B1C and B2a code and carrier-phase observa-
tions are employed. The onboard BDS-3 observations are
processed at a 30 s sampling rate. The a priori standard
deviations for the raw code and carrier phase observa-
tions are set to 1.0 m and 5.0 mm, respectively. For the
ISL ranging measurements, the CF combinations are
used, with the same 30 s sampling interval. The a priori
standard deviation for ISL observations is set to 15.0 cm.

The estimated parameters for each BDS-3 MEO satel-
lite include the initial position and velocity, five Solar
Radiation Pressure (SRP) parameters of the ECOM
model, and an empirical along-track parameter (Guo,
2014). Additionally, one BDS-3 MEO satellite’s clock is
used as a reference, while the clock offsets for the remain-
ing BDS-3 MEOs and the onboard BDS-3 receivers of
all LEOs are estimated. For each LEO satellite, in addi-
tion to the initial position, velocity, and onboard BDS-3
receiver’s clock offsets, one SRP scale parameter per arc
and piecewise atmospheric drag parameters as well as
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the amplitudes of Circle-Per-Revolution (CPR) empirical
acceleration of sine and cosine acting in the along-track
and cross-track directions are also estimated. Further-
more, one constant parameter of the sum of ISL sending-
end and receiving-end hardware delay of each LEOs are
also estimated (Xie et al., 2019).

Besides, Earth Rotation Parameters (ERP) are essential
for the transformations between the Earth- ECEF and
ECI coordinate systems. In this paper, the observed ERP
from the International Earth Rotation and Reference Sys-
tem Service (IERS) Bulletin B is employed in the observa-
tion simulation process. Then in the introduced rotation
correction method, ERP is first used in the integrated
POD process conducted in the ECI and is subsequently
employed to transform GNSS broadcast ephemerides
from the ECEF into the ECI for rotation correction as
illustrated in Fig. 3. In the analysis sections of this paper,
we first use the observed ERP from IERS Bulletin B to
conduct the two POD strategies for comprehensively
evaluating the performance of the introduced rotation
correction method. However, under certain POD opera-
tional constraints, observed ERP may be unavailable. In
such cases, predicted ERP is utilized for both integrated
POD and rotation correction. To assess the impact of
ERP prediction errors on the performance of the intro-
duced method, we will conduct the Strategy 1 again using
the predicted ERP from IERS Bulletin A. Table 3 summa-
rizes the detailed processing strategies employed in POD
process.

Results and analysis

For Strategy 1, we first analyzes the integrated POD
results of the unified constellation under the influence of
rotation errors and then evaluates the feasibility and per-
formance of the introduced rotation correction method.
Then with Strategy 2, the method’s performance is fur-
ther demonstrated in the scenarios where only a subset
of LEO satellites provides onboard BDS-3 observations.
Finally, the impact of employing predicted ERP on this
rotation correction method’s effectiveness is examined.

Analysis of the constellation’s overall rotation

To perform rotation correction, three rotation angles Ry
» Ry and R, need determining first. These angles quan-
tify the rotation of the coordinate system implied by the
integrated POD solutions relative to that implied by the
true orbits of the unified constellation, characterizing
the constellation’s overall rotation. To demonstrate the
systematic rotation errors contained in the integrated
POD solutions, we first determine these rotation angles
with the true orbits of the unified constellation as refer-
ence. As shown in Fig. 5, it indicates significant system-
atic rotations around all three axes of the integrated POD
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Table 3 Dynamic models, observation models and estimated parameters used for integrated precise orbit determination

Dynamic models Description

Conventional inertial reference frame Geocentric celestial reference frame at J2000.0

Gravity model EIGEN_5C, 120 x 120 for LEOs, 12 x 12 for BDS-3 MEOs (Shako et al.,, 2014)

Solid earth & pole tides IERS 2010 conventions (Petit & Luzum, 2010)

Ocean tides Finite Element Solution (FES2004) (30 x 30) (Lyard et al., 2006)

N-body disturbance JPL DE405 (Standish & Williams, 1992)

Relatively IERS Conventions 2010 (Petit & Luzum, 2010)

Solar radiation Box-wing model for LEOs (Marshall & Luthcke, 1994); Extended CODE Orbit Model (ECOM) 5-parameter
model (Springer et al., 1999)

Atmospheric drag Box-wing model, atmospheric density adopts DTM-2013 (Bruinsma, 2015) for LEOs; None for MEOs

Empirical acceleration Piecewise periodic terms

Earth Rotation Parameters Observed ERP for observation simulation; Both observed and predicted ERP for analysis (Dick & Richter, 2004)

Observation models Onboard BDS-3 obs ISL

Observation Undifferenced IF code and carrier-phase combinations CF combinations

POD arc length 1d

Sampling interval 30s

Elevation mask 10° Ignore

Prior accuracy Code: 1.0 m; phase: 5.0 mm 150cm

Estimated parameters Description

Initial states Positions and velocity at the initial epoch of LEOs and BDS-3 MEOs

Clock offset Each epoch as white noise for each LEOs and BDS-3 MEQs; C25 is selected as the reference clock;

Ambiguity Adjusted as float constant values for each continuous arc if BDS-3 data of LEOs being processed

Hardware delay of ISL One constant parameter per arc of the sum of ISL sending-end and receiving-end hardware delay of each LEOs

Atmosphere drag One per 120 min only for LEOs

Solar radiation One per day for LEOs; Five per day for BDS-3 MEOs

Empirical accelerations Estimating amplitudes of circle-per-revolution empirical acceleration of sine and cosine acting in along-

and cross-track directions for each LEQO satellite; one per day constant empirical acceleration in the along-track
direction for each BDS-3 MEO satellite

solutions, with the most pronounced rotation occurring
about the z-axis. Over the entire simulation period, the
mean absolute value and STD of R, reach 135.8 x 107!
milliarcsecond (mas) and 160.2 x 10~! mas, respectively.
This observation aligns with the explanation by Zhang
(2005), which states that internal constellation ranging is
insufficient to constrain the common part of variations
in RAAN. In contrast, the rotations around the x- and
y-axes are smaller, owing to partial inclination correction
afforded by inter-orbit ranging measurements (Liu, 2008;
Zhang, 2005). The average absolute values of R, and R,
are 98.3 x10~! mas and 17.4 x 10~! mas, with STDs of 3.2
%10~ mas and 15.5 x 10~! mas, respectively.
- R, Figure 6 illustrates the daily Root-Mean-Square (RMS)
0276 27I8 2;50 252 2é " 28;6 22;8 290 292 orbit errors of the integrated POD solutions for the LEO
DOY in 2022 constellation and BDS-3 MEOs. Due to the influence of
Fig. 5 Daily systematic rotation angles Ry, Ry and R, the constellation’s overall rotation, the integrated POD
of the coordinate system implied in the integrated POD solutions solutions exhibit significant deviations in the along-track
relative to the coordinate system implied in the true orbits and cross-track directions. Moreover, given the higher
of the unifed constellaion throughout the analysis period orbital altitude of BDS-3 satellites, a rotation of the same

40

Rotation angle in mas

_20 — { { { { 1 { RX

= R
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Fig. 6 Daily RMS orbit errors of the integrated POD solutions of BDS-3 MEO satellites a, b, c and the LEO constellation d, e, f in the along-track,
cross-track, and radial directions. Each dot represents the daily RMS orbit errors of each LEO and BDS-3 MEO satellites, with different colors
distinguishing satellites in various orbital planes. The purple short dash indicates the daily constellation averaged RMS orbit errors

magnitude induces larger orbital deviations in BDS-3
MEOs compared to LEOs. The average daily RMS orbit
errors for LEOs are 22.7 cm and 39.3 cm in the along-
track and cross-track directions, respectively, while those
for BDS-3 MEOs reach 124.3 and 137.8 cm. In contrast,
the orbital errors in the radial direction are relatively
small, with the averaged daily RMS values of 3.4 cm for
BDS-3 MEOs and 0.2 cm for LEOs.

Figure 6 shows that the same-colored dots, represent-
ing the daily RMS orbit errors of each LEO and BDS-3
MEO satellite within the same orbital plane, tend to clus-
ter in the along-track and cross-track directions. This
pattern indicates that the satellites in the same orbital
plane are similarly influenced by the constellation’s over-
all rotation. Notably, significant rotation about the z-axis,
as shown in Fig. 5, induces substantial orbital deviations
across all orbital planes of both LEOs and BDS-3 MEOs.
The projections of these deviations onto the along-track
and cross-track directions become the dominant contrib-
utors to the errors in these components, making the orbit
errors variations in along- and cross-track orbit errors
for each orbital plane either follow or inversely reflect the

oscillatory behavior of R, depicted in Fig. 5. Besides, the
differences in the equatorial-plane positions of the LEO
and BDS-3 MEO orbital planes lead to varying responses
to the constellation’s rotation around the x- and y-axes,
likely explaining the observed inter-plane inconsistencies
in orbit errors, especially in the along-track direction.

The constellation’s overall rotation mainly effects the
orbital inclination i and the RAAN 2 of each orbit plane
of the unified constellation (Xia et al., 2024). To investi-
gate the impact of the systematic rotation errors on these
orientation parameters within J2000 ECI coordinate sys-
tem, we take the integrated POD solutions of the LEO
constellation on DOY 291, 2022 as an example and plot
the errors of the orbital inclination i and the RAAN €2 of
each LEO satellite in each orbit plane in the Fig. 7. More-
over, the corresponding time series of constellation’s
rotation angles R,, Ry and R, are plotted in Fig. 8.

In Fig. 7, benefiting from the constraints provided by
intra- and inter-orbit ISL, the variation patterns of the
orbital inclination i and the RAAN €2 for each LEO satel-
lite in the same orbital plane are generally consistent (Xia
et al., 2024; Zhang, 2005). However, notable systematic
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errors are observed in both the orbital inclination i and
the RAAN Q. For inclination i, the systematic errors
vary across orbital planes, with the magnitudes compa-
rable to the systematic rotations about the x- and y-axes,
ie. R, and Ry, but much smaller than R,, as shown in
Fig. 8. This suggests that inclination errors are primarily
caused by the constellation’s rotation around the x- and
y-axes. Besides, the orbital planes at different RAAN Q
have different angles relative to the x- and y-axes, lead-
ing to the different impacts of the constellation’s overall
rotation around these two axes on the changes of incli-
nation across the various planes. As a result, the system-
atic errors in the orbital inclination i differ for orbital
planes located at different RAAN €2, which corresponds
to the aforementioned noticeable inconsistencies in orbit
errors across different planes in the along-track compo-
nent. Moreover, from Fig. 7a—{f, the systematic errors in
the orbital inclination i across different orbital planes
range from —100.7 x10~! mas to 100.8 x10~! mas. The
simulated LEO constellation consists of six orbital planes
evenly distributed around the equatorial plane, with each
plane’s RAAN Q differing by 60°. Consequently, the abso-
lute values of the systematic errors in inclination for two
orbital planes with the RAAN  differing by 180° are

essentially similar. For the systematic biases in RAAN €,
from the Fig. 7g-1, they reach approximately 30.0 mas,
which aligns with the magnitudes of R, shown in Fig. 8.
This indicates that RAAN variations are predominantly
governed by rotation about the z-axis, causing uniform
precession of orbital planes within the equatorial plane.

Performance of the rotation correction method

Following the analysis of the overall rotation issue, the
systematic rotation errors contained in the integrated
POD solutions are corrected using the rotation correc-
tion method. First, the rotation-corrected POD results
for the LEO constellation on DOY 283 and 291 are
employed to assess the improvements in the system-
atic errors of orbital inclination i and RAAN €. Figure 9
presents the residual errors in orbital inclination i and
RAAN € of each orbit plane of the LEO constellation and
their mean values and standard deviations are summa-
rized in Table 4 and Table 5. Besides, Fig. 9 also shows
the residual rotation angles of the coordinate system
implied in the corrected integrated POD solutions rela-
tive to that of the true orbits. As shown in Fig. 9, on DOY
291, 2022, the rotation angles Ry, Ry and R, decrease
substantially from 99.6 x10~! mas, 14.7 x 10! mas, and



Qin et al. Satellite Navigation

10.4

(2025) 6:21

10.1

9.8

9.5

199.6%10 ' +0.8%x10

. R,

1.8

1.6

1.4

Rotation angle in mas

1.2

- R,14.7%10 ' £0.6x10

30.1

30.1

300
. R,:300.6x10 ' £0.1x10 '
300 . '
00:00 08:00 16:00 24:00

UTC, on DOY 291 of 2022
Fig. 8 Time series of the LEO constellation’s rotation angles Ry, Ry
and Rz on DOY 291, 2022. The mean values and standard deviations
of these rotation angles are shown in the bottom of each subplot

in mas

Page 11 of 21

300.6 x 10~ ! mas, as shown in Fig. 8, to —1.2 x10~! mas,
-4.6 107! mas, and — 54.2 x10~! mas, respectively. On
DOY 283, the corresponding rotation angles are —2.7
x10~! mas, —2.7 x10~! mas, and -6.1 x10~! mas. Cor-
respondingly, the systematic errors in both inclination
i and RAAN © are markedly reduced. For instance, the
maximum systematic error in inclination i is reduced
from 100.8 x10~! mas to 1.8 x 10~ ! mas, while for RAAN
2, the maximum error in orbital plane 2 decreases from
306.9 x10~! mas to 53.6 x10~! mas. These results indi-
cates that the correction method effectively mitigates the
systematic constellation rotation. Besides, the inconsist-
encies of the systematic errors in the orbital inclination
i of different orbital planes located at different RAAN Q
is also significantly eliminated, which indicates that the
inconsistencies in orbit errors across different planes in
the along-track direction are caused by the constella-
tion’s rotation and can also be improved after rotation
correction.

However, as shown in Fig. 9 (f), residual rotation errors
in R;, reaching nearly 5.4 mas, are evident on DOY 291,
whereas no significant residual rotation is observed on
DOY 283. This may be attributed to the inherent system-
atic rotation errors contained in the broadcast ephemeris
(Chen et al., 2021; Li et al.,, 2023c). To validate this, the
precise ephemerides from GFZ are used as a reference to
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Table 4 The mean values and standard deviations of the residual errors of orbital inclination of each orbit plane of the LEO
constellation

DOY The residual errors of the orbital inclination in mas

Plane 1 Plane 2 Plane 3 Plane 4 Plane 5 Plane 6
283 (-315+84)x1072 (-3224+83)x1072 (=1.6483)x 1072 (31.8+85)x1072 (35.1£7.8)x1072 (-03£82)x1072
291 (16+£84)x1072 (-20+8.1)x1072 (-0.6+84)x1072 (-1.04£83)x1072 (33£82)x1072 (-08+8.1)x1072

Table 5 The mean values and standard deviations of the residual errors of the Right Ascension of the Ascending Node (RAAN) of each
orbit plane of the LEO constellation

DOY The residual errors of the RAAN in mas

Plane 1 Plane 2 Plane 3 Plane 4 Plane 5 Plane 6
283 (603£329x1072  (57.2+412)x1072 (66.3 £35.7)x1072 (624 432.0)x 1072 (58444091072 (63.0%33.6)x1072
291 (144278)x1072 (—4.6+£385)x1072 (0.8437.3)x1072 (204 286)x 102 (-0.8439.9)x 1072 (224386)x1072

firstly compute the orbit errors of the BDS-3 broadcast 3 80.0
ephemerides from DOY 277 to 291 and then determine S
the systematic errors contained in the broadcast eph- 2 60.0 - ' ' ' ' ;?
emerides using Helmert transformation. Given the focus ® w0k | | | *
of this study on rotational effects, we specifically analyze § * i%**;*
the systematic rotation errors in the broadcast ephemeri- © 20.0 |- éé i*i '
des. As illustrated in Fig. 10a—c, the along-track, cross- 2 0 ! , | | | | |
track, and radial components of the broadcast ephemeris ~ 80.0
orbit errors range from 14.9 ¢cm to 56.7 cm, 12.5 cm to 5
54.6 cm, and approximately 16.0 cm, respectively. Nota- 2 60.0 - ' ' ' ' %
bly, during DOY 289 to 291, the along- and cross-track ® w0l | | | _ _ | ==
errors exhibit a significant increase, which coincides with & = .}* ==
the sharp rise in R, as shown in Fig. 10 (d). According to ‘é 20.0 [ i'*%i _I_ii S
Chen et al. (2021), predicted ERP are used in generating 5 | | - | | | | |
the BDS-3 broadcast ephemerides and the accumulated 80_8
ERP prediction errors can cause a systematic overall shift — ©
of the BDCS implied in the broadcast ephemeris, intro- E, 60.0 -
ducing systematic errors into the broadcast ephemeris, 2 400 - ‘ _ | | | »
including the systematic rotation errors. The pronounced % ' :
orbit errors observed during DOY 289 to 291, as shown S 20.0 _iaiiﬁiﬁﬁiiiﬁgﬁﬁ
in Fig. 10a and b, may be partially attributed to the rel- =
atively large systematic rotation errors contained in the 68 ' ' l l l ' '
broadcast ephemerides, as indicated in Fig. 10d. é '

Using the determined rotation angles in the broad- c 30
cast ephemeris, as shown in Fig. 10d, a rotation cor- oy
rection matrix is constructed, expressed like Eq. (6), to § O
correct the systematic rotation errors in the broadcast .§_3_0 L
ephemerides. The corrected orbits are then compared § -~ R — R =R
w1th the precise ephemer.ldes, w1tl} a particular focus on - .0276 27|8 2:30 25132 2é4 25;6 > é 5 25';0 200
the improvements of orbit errors in the along-track and DOY in 2022
cross-track directions during DOY 289 to 291, as illus- Fig. 10 Daily boxplot of orbit errors of BDS-3 MEQ satellites
trated in Fig. 11. The results show that, in the along-track of the broadcast ephemerides in the along-track a, cross-track b
direction, the orbit errors are reduced by 9.5 cm, 15.2 cm, and radial ¢ directions, respectively. Subplot d represents the daily

systmatic rotation errors of the BDCS realized by broadcast

and 19.1 cm, respectively. In the cross-track direction, i - , ! ,
ephemerides with respect to that realized by precise ephemerides
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the corresponding improvements are 10.0, 15.2, and
19.1 cm. These findings demonstrate that systematic
rotation errors in the broadcast ephemerides can intro-
duce orbit deviations at the decimeter level. In contrast,
when the broadcast ephemerides contain minimal rota-
tion errors, the resulting orbit discrepancies are limited
to the centimeter level. For example, on DOY 287 and
288, the improvements in along-track orbit errors are
1.2 and 4.0 cm, while the cross-track improvements are
1.0 cm and 3.0 cm, respectively.

Due to these systematic rotation errors in the broadcast
ephemeris, some residual rotation errors remain in the
rotation-corrected integrated POD solutions. As shown
in Fig. 9f, residual rotation in R, emerges, reaching nearly
54.1 x10~! mas, which is comparable to the systematic
rotation errors in the broadcast ephemeris on DOY 291,
as illustrated in Fig. 10d. This may be the reason for those
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residual systematic errors in the RAAN Q whose mag-
nitude is nearly the same as that of the residual rotation
in R;, as shown in Fig. 9e, which inevitably degrades
the accuracy of the rotation-corrected integrated POD
solutions. In comparison, the systematic errors in the
broadcast ephemeris on DOY 283 are relatively small, as
illustrated in Fig. 10d. After rotation correction, no evi-
dent residual rotation errors are presented as shown in
Fig. 9c. Correspondingly, the residual errors in the orbital
inclination and the RAAN reach only the sub-mas level,
indicating that the systematic errors in both the orbital
inclination i and the RAAN  have been effectively cor-
rected, ensuring accurate POD solutions.

Regarding orbit accuracy, Table 6 presents the con-
stellation averaged RMS orbit errors in the along-track,
cross-track, and radial directions for both the LEO con-
stellation and BDS-3 MEOs, with and without rotation
correction, over the entire POD processing period. The
application of rotation correction can improve substanti-
aly orbit accuracy is observed in both the along-track and
cross-track directions across the unified constellation.
The average RMS orbit error in the along-track direction
for LEO satellites decreases from 22.7 to 1.3 c¢cm, while
that for BDS-3 MEOs are reduced from 124.3 to 13.2 cm.
In the cross-track direction, the averaged RMS orbit
error for LEOs is reduced from 39.3 to 4.2 c¢cm, and for
BDS-3 MEOs, from 137.8 to 13.7 cm. However, as dis-
cussed previously, the accuracy of the rotation-corrected
POD solutions is affected by the residual rotation errors,
which stem from the systematic rotation errors in the
broadcast ephemerides.

To further assess the effectiveness of the rotation cor-
rection method in the situation of a more accurate spatial
reference is available, the method is applied after elimi-
nating the systematic rotation errors in the broadcast
ephemeris. Table 7 summarizes the residual errors in
orbital inclination i, RAAN €, and the residual rotation
angles of the coordinate system implied in the integrated
POD solutions after the rotation correction with or with-
out the influence of the systematic rotation errors in the
broadcast ephemeris on DOY 291. When employing the

Table 6 Constellation averaged RMSs of orbit errors of the integrated POD solutions with and without rotation correction (rot. cor.)
using the rotation method in the along-track (A), cross-track (C) and radial (R) directions for the LEO constellation and BDS-3 MEOs over

the entire POD process period

Rot. cor. application RMSs of orbit errors (cm)

LEO constellation BDS-3 MEOs

A C R A C R
W/o rot. cor 22.7 39.3 0.2 124.3 137.8 34
With rot. cor 13 42 0.2 132 13.7 34
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Table 7 LEO constellation mean and standard deviations of residual errors of the orbital inclination i and the RAAN €2 after rotation
correction using broadcast ephemeris with and without broadcast ephemeris systematic rotation errors influence (sys. rot. errors), as
well as the residual constellation’s rotation angles Ry, Ry and R, on DOY 291, 2022

Sys. rot. errors Residual errors of i and 2in10~2 mas

Residual rotation angles in 10~2 mas

i Q@ Ry Ry R;
With sys. rot. errors 0£350 5420+£350 —120+80 —-460+6.0 -5420+10
W/o sys. rot. errors 0£120 0£36.0 20+£80 -1.0£60 0£10

precise spatial reference, the residual R, and R, further
decreases from —12.0 x1072 mas to —2.0 x10~2 mas,
from —46.0 x1072 mas to -1.0 x10~2 mas, respectively;
for R,, the residual of —542.0 x10~2 mas is nearly elimi-
nates. Consequently, the systematic errors in the orbital
inclination i are mostly eliminated. Additionally, the
residual errors of approximately 5.0 mas in the RAAN Q
are also effectively corrected, indicating that the overall
rotation of the unified constellation are further corrected.

Figure 12 presents the daily constellation averaged RMS
orbit errors of the unified constellation after rotation cor-
rection using BDS-3 broadcast ephemerides with and
without systematic rotation errors as references, respec-
tively. It is evident that applying the rotation correc-
tion using broadcast ephemerides free from systematic

rotation errors results in a significant reduction of orbit
errors in both the along-track and cross-track directions
for the BDS-3 MEOs and the LEO constellation. In the
entire simulation period, the averaged RMS orbit errors
of the LEO constellation decrease from 12.7 to 5.4 mm in
the along-track direction and from 41.6 to 8.3 mm in the
cross-track direction. For the BDS-3 MEOs, the errors
are reduced from 132.0 mm and 136.7 mm to 21.7 mm
and 21.6 mm, respectively.

These results demonstrate that the rotation correction
method effectively mitigates the overall rotation of the
constellation. They also indicate that, even when decime-
ter-level broadcast ephemerides are used during the POD
processing, their stochastic errors have less impact on the
estimation of systematic rotation angles. It is primarily

(- With sys. rot. errors

I Wi/o sys. rot. errors]

60.0

a RMS: 132.0 mm RMS: 21.7 mm
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Fig. 12 Daily constellation averaged RMSs of orbit errors of the integrated POD solutions with rotation correction using the broadcast ephemerides
with and without the broadcast ephemeris systematic rotation errors (sys. rot. errors) influence, respectively. a, b, cand d, e, f are statistics

of the BDS-3 MEO satellites and the LEO constellation, respectively
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the systematic rotational biases in the broadcast eph-
emerides that influence the estimated angles. Besides,
the systematic rotation angles determined using the inte-
grated POD solutions of BDS-3 MEO satellites can be
used to effectively correct the systematic rotational errors
in the LEO constellation. This reflects a strong connec-
tion established between the high and low constellation
by using LEO satellites’ onboard GNSS observations and
integrated POD processing, which results in a consistent
systematic rotation across the entire unified constella-
tion, forming the foundation for the effectiveness of this
rotation correction method.

Benefits of employing ISL

To evaluate the performance of the rotation correction
method when only a subset of LEOs provides onboard
BDS-3 observations, Strategy 2 is implemented. To avoid
the impact of systematic rotation errors in the broadcast
ephemeris, precise ephemerides are used as the refer-
ence for performing the rotation correction. Figure 13
presents the daily constellation averaged RMS orbit
errors in the along-track, cross-track, and radial direc-
tions for the various scenarios where the number of LEO
satellites supplying BDS-3 observations is different. The
results demonstrate that even with only 36 LEOs provid-
ing onboard BDS-3 observations, this rotation correction
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Fig. 13 The impact of the number of LEOs providing onboard
BDS-3 observations on the performance of the rotation correction
method for the LEO constellation, using BDS-3 precise ephemeris
as a reference. Each elemental square represents the daily
constellation averaged RMS orbit errors in the along-track, cross-track,
and radial components, respectively
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method can also effectively mitigate the rotation in the
integrated POD solutions, achieving orbit accuracy
comparable to that of Strategy 1 after rotation correc-
tion. As the number of LEOs providing BDS-3 observa-
tions increases, the accuracy of the rotation-corrected
integrated POD solutions improves accordingly. How-
ever, once the number approaches 48, further improve-
ments become marginal. This benefit arises from the ISL
connectivity among LEOs. A subset of LEOs providing
BDS-3 observations can, together with all BDS-3 MEOs,
form an initial high—low unified constellation. Through
ISL, the remaining LEOs without BDS-3 observations
can link to this core group, thereby establishing a fully
unified constellation encompassing all LEOs and BDS-3
MEOs. Leveraging this feature in orbit determination
operations allows a reduction in the volume of onboard
BDS-3 data that must be processed, thereby alleviating
computational demands to some extent.

As previously discussed, the accuracy of the rotation-
corrected POD solutions improves with the increas-
ing number of LEO satellites providing onboard BDS-3
observations. This can be attributed to the limited
tracking data as well as the poor observation geom-
etry between BDS-3 MEOs and a small subset of LEOs
when fewer LEOs supply BDS-3 observations. In such
conditions, it becomes difficult to accurately determine
the relative positions between the BDS-3 MEOs and
these LEOs. As a result, even when using precise eph-
emerides as references, the estimated rotation angles
may not faithfully reflect the actual rotation of the uni-
fied constellation, thereby reducing the effectiveness of
the correction. As the number of LEOs providing BDS-3
observations increases, the quantity and geometry of the
tracking data improve significantly. This facilitates a more
accurate determination of the relative positions between
the BDS-3 MEOs and the observing LEOs, yielding
more reliable estimates of the constellation rotation
angles. Subsequently, through the ISL that connects all
LEO satellites, these refined rotation parameters can be
employed across the entire constellation. Consequently,
high-precision, rotation-corrected orbits for the full uni-
fied constellation can be achieved.

Rotation correction with predicted ERP

In the certain POD operational scenarios where observed
ERP is unavailable, predicted ERP is used in both the
integrated POD and the rotation correction processing
of the rotation correction method. In this subsection, the
predicted ERP from IERS Bulletin A is utilized to assess
the influence of the predicted ERP on this method’s per-
formance. Figure 14 presents the differences between the
predicted and observed ERPs in the entire POD period.
The dashed lines indicate the update days of the predicted
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Fig. 14 Daily prediction errors of Farth Rotation Parameters (ERP)
obtained from IERS Bulletin A with respective to the observed ERP
from IERS Bulletin B

Table 8 Summary of the usage strategies using Earth Rotation
Parameters (ERP) in the integrated POD processing and
transformation of BDS-3 broadcast ephemeris from ECEF to ECl
as well as the strategies using the reference BDS-3 broadcast
ephemeris (Ref. broadcast ephemeris) in roation correction
process

Case ID ERP usage strategies Ref. broadcast ephemeris

Integrated POD  ECEF to ECI

Case 1 P-ERP O-ERP Without systematic rotation
errors

Case 2 P-ERP Without systematic rotation
errors

Case 3 O-ERP With systematic rotation
errors

Case 4 P-ERP With systematic rotation

errors

ERPs, with a 7-day update cycle adopted in this study
(Chen et al,, 2021; Xia et al., 2024). It is evident that the
prediction errors for Xpsle, and Ypole, and UT1-UTC are
minimal on the update days and gradually increase until
the next update. In the entire POD processing period, the
maximum deviations reached 3.9 mas for X;le, 3.5 mas
for Y,o1e; and 0.3 ms for UT1-UTC. The 0.3 ms UT1-UTC
error corresponds to approximately 4.5 mas in Green-
wich Apparent Sidereal Time (GAST), which affects the
Earth’s rotational angle. This GAST deviation, combined
with forecast errors in X;,ole, and Y},o1e, will introduce sys-
tematic rotation errors into the POD results, predomi-
nantly degrading the along-track and cross-track orbit
accuracy (Xia et al., 2024).

To comprehensively evaluate the impact of the pre-
dicted ERP errors on the performance of the rotation
correction method, four ERP employment strategies
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are designed, as summarized in Table 8. In all cases, the
integrated POD is conducted using the predicted ERP. In
case 1, observed ERP and BDS-3 broadcast ephemerides
without systematic rotation errors are employed in the
rotation correction step. Without any systematic errors,
this configuration is intended to demonstrate the influ-
ence of the predicted ERP errors on the integrated POD
process. In cases 2, 3, and 4, the effects of using either
Observed ERP (O-ERP) or Predicted ERP (P-ERP) along
with the BDS-3 broadcast ephemerides with or without
eliminating systematic rotation errors in the rotation cor-
rection step are analyzed. Among these cases, only case 2
and case 4 are representative of practical operational sce-
narios. Cases 1 and 3 serve as auxiliary configurations to
help illustrate and interpret the roles of ERP errors in the
rotation correction framework.

Figure 15 illustrates the daily constellation averaged
RMS orbit errors of the LEO constellation in the along-
track and cross-track directions for cases 1 to 4, while the
corresponding averaged RMS errors in the entire POD
period are summarized in Table 9. In case 1, the inte-
grated POD is performed using predicted P-ERP, while
rotation correction is applied using observed O-ERP
and BDS-3 broadcast ephemeris that do not contain sys-
tematic rotation errors. In this configuration, the along-
track and cross-track RMS errors are 6.0 mm and 8.6
mm, respectively. These results are consistent with those
shown in Fig. 12d and e with orbit errors of 5.4 mm and
8.3 mm, respectively. This consistency indicates that, in
the rotation correction method, the use of P-ERP in the
integrated POD processing introduces only a limited
impact on the final corrected solutions. The errors caused
by P-ERP in the integrated POD processing are likely
absorbed into the integrated POD results as systematic
constellation-wide rotation errors. Then in the rotation
angles determination as illustrated in Fig. 3, when broad-
cast ephemeris without systematic rotation errors is
transformed from ECEF to ECI using O-ERP, an accurate
spatial reference free of any systematic rotation interfer-
ence can be obtained. Then applying this reference in the
rotation correction step, the rotation errors in the inte-
grated POD solutions can be effectively eliminated, yield-
ing excellent rotation corrected POD solutions.

In case 2, the constellation’s rotation correction
is performed using P-ERP and broadcast ephemeri-
des that are free from systematic rotation errors. As
shown in Fig. 15, compared to case 1, the orbit accu-
racy in case 2 deteriorates in both the along-track and
the cross-track directions, with RMS values increasing
to 8.2 mm and 34.8 mm, respectively. Figure 16a pre-
sents the residual rotation angles of the LEO constel-
lation after rotation correction in case 2. It is observed
that the residual rotations around the x- and y-axes
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Fig. 15 Daily constellation averaged RMSs of orbit errors in the along-track and cross-track directions of the rotation corected integrated POD
solutions of the LEO constellation derived from the cases 1, 2, 3 and 4, respectively

Table 9 Mean of daily constellation averaged RMS of orbit errors
in the along-track, cross-track and radial directions of the rotation
corrected integrated POD solutions of the LEO constellation in
the entire POD process period derived for the cases 1, 2, 3 and 4,
respectively

CASE ID RMS of orbit errors (mm)

A C R
Case 1 6.0 8.6 16
Case 2 82 348 16
Case 3 13.0 417 16
Case 4 13.1 262 1.6

are generally small, except for a noticeable deviation
around the y-axis on DOY 286, which corresponds to
the large orbit errors in the along-track on the same
day. In contrast, more pronounced residual rotations
are seen around the z-axis, exhibiting temporal varia-
tions that closely align with the cross-track orbit errors.
In case 2, in the rotation angle determination step, the
broadcast ephemeris free from systematic rotation
errors is transformed from ECEF to ECI using P-ERP.
The prediction errors in the P-ERP can introduce sys-
tematic rotation errors into the resulting spatial refer-
ence implied in the transformed broadcast ephemeris.
Consequently, when the biased spatial reference is used
for rotation correction, the systematic rotation errors
are retained in the corrected integrated POD solu-
tions, thereby degrading their accuracy. This explains
the residual y-axis rotation error on DOY 286, which

Rotation angle in mas

Rotation angle in mas

2.0 I 1 1 1 I 1 1
276 278 280 282 284 286 288 290 292

DOY in 2022
Fig. 16 Daily residual constellation’s rotation angles Ry, Ry and R,
of case 2 a; The daily rotation angles difference between the residual
constellation’s rotation angles derived from the case 2 and the daily
systematic rotation errors contained in the BDS-3 broadcast
ephemerides

aligns with a significant prediction error in the Y,
component, and the prominent z-axis residuals from
DQY 287 to 291, which correspond to the variations in
the UT1-UTC prediction errors, as shown in Fig. 14.
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Overall, these results demonstrate that when broadcast
ephemerides free of systematic rotation errors are used
for rotation correction, predicted ERP can introduce
systematic rotation errors into the corrected POD solu-
tions, ultimately reducing their accuracy.

In case 3, rotation correction for the LEO constellation
is performed using O-ERP and broadcast ephemerides
that contain systematic rotation errors. As previously
discussed, the impact of using predicted ERP in the inte-
grated POD processing on the final rotation-corrected
POD solutions is relatively limited. When observed ERP
is employed in the rotation angle determination, the sys-
tematic rotation errors inherent in the broadcast ephem-
eris remain in the spatial reference frame realized by the
transformed broadcast ephemeris. Then applying this
spatial reference for rotation correction, this remained
systematic rotation errors can degrade the rotation-
corrected integrated POD solutions. The degraded POD
solutions are consistent with the results presented in
Sect. 4.2, where rotation correction is conducted using
broadcast ephemerides having systematic rotation errors.
The RMS orbit errors in the along-track and cross-
track directions in case 3 increase to 13.0 mm and 41.7
mm, respectively, closely matching the values shown in
Fig. 12d and e. Furthermore, the daily variations in the
cross-track errors as shown in Fig. 14 exhibit a strong
correlation with the temporal evolution of the z-axis sys-
tematic rotation errors in the BDS-3 broadcast ephemer-
ides, as illustrated in Fig. 10d.

In case 4, which is the most representative of practical
POD scenarios where only predicted ERP are available,
both the predicted ERP errors and the systematic rota-
tion errors in the broadcast ephemerides are present in
the rotation correction. In the generation of broadcast
ephemerides, predicted ERP are used to transform POD
orbits from the ECI to the ECEE, thereby introducing
ERP prediction errors into the broadcast ephemeris pre-
sented in the ECEF. When these ephemerides are used
for rotation angle determination as shown in Fig. 3, the
same or similar predicted ERP are again employed to
transform them back from ECEF to ECI. This round-trip
transformation can partially cancel out the systematic
rotation errors contained in the broadcast ephemerides,
resulting in a relatively accurate spatial reference for rota-
tion correction. As a result, orbit accuracy in case 4 is
improved compared to case 3, with RMS errors reduced
to 13.1 mm in the along-track and 26.2 mm in the cross-
track directions. To illustrate this effect, we calculate the
angle differences, ARy, ARy, and AR,, between the resid-
ual rotation angles in the rotation corrected POD solu-
tions using predicted ERP as shown in Fig. 16a and the
systematic rotation errors in the broadcast ephemerides
exhibited in Fig. 10d and show them in Fig. 16b. On DOY
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277 and 278, AR, reaches approximately 2.0 mas, corre-
sponding to the elevated cross-track errors observed in
Fig. 15 for case 4. From DOY 279 to 287, the variations
in ARy, ARy, and AR, contribute to orbit errors mainly in
the along-track direction. From DOY 288 to 291, the sys-
tematic rotation errors in all three axes are largely miti-
gated by the use of predicted ERP, resulting in reduced
orbit errors. Overall, the use of predicted ERP in the
rotation angle determination process can partially com-
pensate for the systematic rotation errors present in the
broadcast ephemerides, enabling the construction of
a relatively accurate spatial reference for rotation cor-
rection. It is expected that, as the update frequency and
prediction accuracy of ERP used in generating BDS-3
broadcast ephemerides continue to improve, the per-
formance of the rotation correction method, using daily
observed or timely updated predicted ERP, will asymp-
totically approach that of case 1.

Conclusion

This paper introduces a rotation correction method
for LEO constellations, enabling the generation of low-
latency and high-accuracy orbit solutions while reduc-
ing the needs for dedicated ground stations to track the
LEO constellation. This is achieved with an integrated
POD process that uses ISL ranging measurements and
onboard BDS-3 observations from LEOs, while simul-
taneously estimating the orbits of the unified constella-
tion consisting of both LEO and 24 BDS-3 MEOs. Due to
the lack of absolute spatial reference, the integrated POD
solutions inevitably subject to a common systematic rota-
tion. To correct this rotation, the BDCS realized by the
readily available broadcast ephemeris is employed to be
treated as the spatial reference and utilized to determine
the systematic rotation angles Ry, Ry, and R; of the coor-
dinate system implied in the integrated POD solutions.
Then a rotation correction matrix is formed by the three
rotation angles to correct the systematic rotation errors
that arise in the integrated POD solutions. To validate
the feasibility and effectiveness of this approach, a LEO
constellation consisting of 66 satellites is simulated, along
with ISL and onboard BDS-3 observations. Besides, two
POD strategies are set up for validation and analysis.

In Strategy 1, the performance of the proposed rota-
tion correction method is examined. The high-low uni-
fied constellation initially exhibits overall rotation after
integrated POD processing due to the absence of a spatial
reference. After applying the rotation correction method
using the BDCS realized by broadcast ephemerides,
the RMS orbit errors in the along-track and cross-track
directions are reduced respectively from 124.3 ¢cm and
137.8 cm to 13.2 cm and 13.7 cm for BDS-3 MEOs, and
from 22.7 and 39.3 cm to 1.3 and 4.2 cm for the LEOs.
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It demonstrates that the overall rotation of the unified
constellation is effectively corrected. However, due to
systematic rotation errors inherent in the BDS-3 broad-
cast ephemeris, some residual rotation errors remain in
these corrected POD solutions. After excluding these
systematic rotation errors contained in the broadcast
ephemeris, the RMS orbit errors in the along-track and
cross-track components are further reduced to 0.5 and
0.8 cm for the LEOs, and to 2.2 and 2.2 m for BDS-3
MEQOs. These results demonstrate that the rotation cor-
rection method is feasible and effective in correcting the
constellation’s overall rotation. Since the constellation’s
overall rotation has a limited impact on the precision
of the integrated POD solutions in the radial direction,
the radial orbit errors for both LEOs and BDS-3 MEOs
remain consistent at 0.2 cm and 3.4 cm, respectively,
regardless of whether the rotation correction is applied.

In Strategy 2, we explore the performance of the rota-
tion correction method when only a subset of LEO satel-
lites provides onboard BDS-3 data. The results indicate
that when the amount of onboard BDS-3 observations
from these LEOs is sufficient to accurately determine the
relative positions of the BDS-3 MEOs and these LEOs,
the connection of all LEOs via ISL can accurately deter-
mine the orbits of all LEOs and BDS-3 MEOs with the
rotation correction method.

When observed ERP are unavailable for this rota-
tion correction method, we finally assess the impact of
predicted ERP on the performance of this method. The
analysis indicates that ERP prediction errors introduced
in the integrated POD process may propagate into the
integrated POD results as systematic rotation errors.
These errors can be effectively mitigated using the rota-
tion correction method. However, in the rotation cor-
rection process, ERP prediction errors can degrade the
rotation corrected POD results. Particularly, when the
BDS-3 broadcast ephemeris does not contain systematic
rotation errors, the ERP prediction errors introduced in
the broadcast ephemeris transformation from the ECEF
to ECI can degrade the rotation-corrected POD accu-
racy from 0.6 cm, 0.9 cm, and 0.2 cm to 0.8 cm, 3.5 cm,
and 0.2 cm in the along-track, cross-track, and radial
directions, respectively. When the broadcast ephemeris
contains systematic rotation errors originating from its
generation process, the ERP prediction errors can par-
tially offset these systematic rotation errors. As a result,
the rotation-corrected POD accuracy improves, achiev-
ing 1.3 cm, 2.6 ¢cm, and 0.2 cm in the along-track, cross-
track, and radial directions, respectively. It is expected
that, as the update frequency and prediction accuracy of
the ERP used in generating BDS-3 broadcast ephemeri-
des continue to improve, the performance of the intro-
duced constellation’s rotation correction method, using
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daily observed or timely updated predicted ERP, will
obtain excellent POD solutions.

The analysis indicates that unlike general POD process-
ing approaches that fix GNSS satellite orbits for obtain-
ing spatial reference, benefiting from the integrated
estimation of the orbits of LEO and GNSS satellites, this
method can mitigate the degradation of POD accuracy
caused by large broadcast ephemeris errors, meanwhile
it can extract the relatively accurate BDCS implied in the
readily available broadcast ephemeris for rotation correc-
tion, achieving the high-precision and low-latency LEO
constellation’s POD. Moreover, by acquiring the exter-
nal spatial reference from the established BDCS for the
LEO constellation, this method can significantly reduce
the dependence of the LEO constellation on the ground
tracking stations, thereby lowering construction and
maintenance costs.

This paper primarily focuses on the performance of the
proposed rotation correction method. Further valida-
tion of its performance with other navigation systems,
e.g., GPS and Galileo, and even multi-system is neces-
sary. Besides, the impact of the translation and scale fac-
tors on the relationship between the coordinate systems
needs further study. Additionally, more systematic errors
should be incorporated into the observation simulations,
which are more representative of real-world conditions.
The impact of errors in the dynamic models of both LEOs
and BDS-3 MEOs also requires examination to analyze
the relationship between the overall rotation and these
introduced errors. Finally, exploring the relationship
between the number and distribution of LEO satellites
providing onboard BDS-3 observations and the effective-
ness of the rotation correction method is an interesting
topic for future research.
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