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Abstract
Real-time orbit determination (RTOD) for spacecraft using the space-borne GNSS technique needs earth orientation param-
eters (EOPs) for the required coordinate transformation between earth-fixed and inertial reference frames. GPS and BDS 
transmit EOPs in modernized navigation messages, which enables GNSS-equipped spacecraft to update EOPs onboard and 
improves the RTOD automaticity. However, the impact of broadcast EOP errors on RTOD has not yet been evaluated. With 
the GPS and BDS-3 observations collected from a Chinese low-earth orbit (LEO) mission, the LUTAN-01B satellite, we 
analyze the LEO RTOD performance with broadcast EOPs and GPS/BDS-3 combination for the first time. In RTOD, we 
parameterize the ephemeris signal-in-space range error (SISRE) to account for its slow-varying signature and to compen-
sate for the EOP errors. Without estimating SISRE, the RTOD precision using broadcast EOPs is 70.1 cm with only GPS 
observations and 42.4 cm with only BDS-3, revealing degradations of 5.1 cm (7.8%) and 3.3 cm (8.4%) compared to those 
using the precise C04 EOPs, respectively. With SISRE estimated, the impact of broadcast EOP error is compensated and the 
RTOD precisions with broadcast EOPs show identical results to those with C04, reaching 36.3 cm with GPS and 25.8 cm 
with BDS-3. Combining GPS and BDS-3 further improves the RTOD precision to 23.9 cm. Furthermore, we show that the 
RTOD precision can be further improved by using GPS and BDS broadcast EOPs’ differences to correct ephemeris rotation 
errors. With this correction, the precision improvement of BDS-3 independent and GPS/BDS-3 combined RTOD increases 
significantly when BDS-3 broadcast EOPs suffer large errors due to long update intervals. During the experiment period, their 
maximum orbital improvements reach 10.2 and 7.7 cm, respectively, while the average improvements are both around 1.5 cm.
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Introduction

The development of low-earth orbit (LEO) satellites requires 
high-precision and low-latency orbits. For instance, the 
LEO missions for earth radio occultation and altimetry 
need real-time orbit determination (RTOD) at a few cen-
timeters for real-time atmosphere sounding and altimetry 
data processing (Desai and Haines 2003; Jayles et al. 2010; 
Tseng et al. 2018). The space-borne GNSS technique ena-
bles high-precision orbit determination (POD) due to its 
global coverage and precise observations. LEO orbit deter-
mination with space-borne GNSS can achieve centimeter-
level accuracy, provided that precise GNSS orbit and clock 
products are used (Haines et al. 2004; Kang et al. 2006; 
Lemoine et al. 2010). However, the final precise GNSS prod-
ucts are only accessible by post-processing with delays of a 
few days, which cannot meet the timeliness requirement for 
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the abovementioned applications. In addition, although the 
International GNSS Service (IGS) ultra-rapid and real-time 
products have low latency, transmitting them to LEO satel-
lites in real time is difficult.

GNSS broadcast ephemeris can be received globally in 
real-time and is suitable for onboard RTOD. However, the 
broadcast ephemeris error remains a main challenge for 
RTOD, and it includes both orbit and clock offset errors 
and can be characterized by the signal-in-space range error 
(SISRE) (Montenbruck et al. 2018). The GPS SISRE is typi-
cally at a level of 0.7 m, whereas the two new emerging sys-
tems, BDS-3 and Galileo, present superior quality (Carlin 
et al. 2021; Zhang and Pan 2022). Attributed to stable atomic 
clocks and short update intervals, the Galileo SISRE has 
achieved a level better than 0.3 m, making it the best among 
all GNSS constellations (Wu et al. 2020). With the applica-
tion of the inter-satellite link (ISL) technique and hydrogen 
atomic clock, the third generation of BDS (BDS-3) indicates 
orbit and clock offset precisions of 0.4 m and 1.8 ns for 
the MEO satellites, respectively, leading to a SISRE level 
of 0.5 m, which is only half of that of the second genera-
tion of BDS (BDS-2) (Shi et al. 2020; Chen et al. 2021). 
Utilizing Galileo and BDS-3 can significantly enhance the 
RTOD accuracy. With real onboard Galileo observations, 
the Sentinel-6A spacecraft reveals a three-dimensional (3D) 
accuracy of 0.10 m, which is 2–3 times better than GPS 
(Montenbruck et al. 2022). Li et al. (2022) validated that an 
orbit precision of 0.23 m is feasible using onboard BDS-3 
observations recorded on the Chinese oceanic mission satel-
lite HY2D. However, the limitation of HY2D’s inability to 
simultaneously track GPS and BDS-3 signals hinders the 
investigation of the RTOD performance with combined GPS 
and BDS-3 observations.

It should be noted that the above studies are based on a 
reduced-dynamic RTOD approach rather than a kinematic 
approach as the latter is particularly sensitive to severe 
GNSS data quality deteriorations such as GNSS data outages 
(Montenbruck et al. 2005). In a typical reduced-dynamic 
RTOD procedure based on GNSS broadcast ephemerides, 
earth orientation parameters (EOPs) are needed to form the 
coordinate transformation matrix between the earth-centered 
earth-fixed (ECEF) reference frame and the earth-centered 
inertial (ECI) frame (Montenbruck and Ramos-Bosch 2008). 
The full set of EOPs is manifested as the motions of the 
Earth’s spin axis relative to the celestial sphere (precession 
and nutation) and those on the Earth’s crust (polar motion), 
as well as the differences between the universal time and 
coordinated universal time (UT1-UTC; or its time-deriva-
tive length-of-day change) (Petit and Luzum 2010; Dehant 
and Mathews 2015). Since precession and nutation can be 
well represented by analytical models, only polar motion 
terms and UT1-UTC, which explicitly refer to Earth rotation 
parameters (ERPs), are required in practical applications 

such as RTOD. Currently, most LEO missions acquire ERP 
data via regular ground upload which is restricted to upload 
station distribution and data upload frequency. Thus, the 
automaticity of onboard RTOD is reduced (Wang et al. 
2015).

Fortunately, GPS and BDS-3 have been transmitting 
ERPs in modernized civil navigation (CNAV) messages 
worldwide, e.g., the GPS CNAV and CNAV-2 messages, 
as well as BDS CNAV-1, CNAV-2, and CNAV-3 messages 
(CSNO 2017a, 2017b; IS-GPS-200M 2021). In accord-
ance to the GPS and BDS Interface Control Documents 
(ICDs), we use the term EOPs to describe these parameters, 
although they more strictly refer to the designation ERPs. 
These GNSS broadcast EOPs enable GNSS-equipped space-
craft to automatically update EOPs onboard, eliminating the 
requirement for external data. IGS has started to disseminate 
GNSS broadcast EOP data via navigation files in the latest 
receiver independent exchange (RINEX) 4.00 format since 
2022 (Romero 2021). Steigenberger et al. (2022) evaluated 
the multi-GNSS broadcast EOP quality. The root-mean-
square (RMS) errors of GPS broadcast EOPs are 0.96 mas 
for polar motion and 0.15 ms for UT1-UTC. In contrast, 
the RMS values of BDS-3 EOPs are 2.41 mas and 0.51 ms, 
respectively, which are more than twice those of GPS. With 
EOP errors of this magnitude, the orbit rotation error at the 
altitudes of LEO satellites can reach the centimeter or even 
decimeter level. Thus, it is necessary to investigate what pre-
cision the onboard RTOD can reach using broadcast EOPs.

Moreover, GNSS broadcast EOPs can potentially benefit 
the GNSS RTOD precision as they are found to be strongly 
coupled with the broadcast ephemeris rotation error. Due 
to errors in the EOPs adopted for broadcast ephemeris gen-
eration, the GNSS ephemeris suffers orientation deficiency, 
which is shown as a constellational rotation error. Among 
all GNSS systems, BDS indicates the most prominent rota-
tion errors mainly at the non-radial components at a magni-
tude of 0.15 m due to its worst EOP precision (Chen et al. 
2022). Li et al. (2023) revealed that such rotations can be 
represented by broadcast EOP errors. The correlation coef-
ficients between the polar motion errors and X/Y-axis rota-
tions exceed 0.88 and 0.77 for GPS and BDS, respectively, 
whereas there is little dependence of the Z-axis rotation on 
the UT1-UTC error. By correcting BDS-3 ephemeris rota-
tion errors via EOP alignment, precise positioning based on 
GPS and BDS-3 ephemerides reveals a notable improvement 
in the north component by 21.9%. However, currently there 
are still no reports on improving LEO RTOD precision by 
considering ephemeris rotation correction using broadcast 
EOPs.

The LUTAN-01B (LT-01B) satellite is a Chinese LEO 
synthetic-aperture-radar (SAR) satellite for geological 
observation. It carries a suite of GNSS receivers and anten-
nas that can track GPS and BDS-3 signals onboard. Using 
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the LT-01B onboard GNSS data, we for the first time inves-
tigate the RTOD performance with GPS/BDS-3 combina-
tion and analyze the impact of broadcast EOP errors on 
RTOD. Moreover, as a benefit of utilizing broadcast EOPs, 
the broadcast EOP alignment method for correcting ephem-
eris rotation errors is also validated for RTOD. Following 
the introduction section, a brief description of the LT-01B 
mission is presented. Then, the GPS and BDS-3 broadcast 
EOP precisions are evaluated. The LT-01B satellite RTOD 
is performed with different EOP datasets and using differ-
ent constellations to analyze the impact of broadcast EOP 
errors. Then, the ephemeris rotation correction using broad-
cast EOPs is investigated for RTOD. Our conclusions are 
summarized in the last section.

Satellite platform

The LT-01 mission is an L-band SAR satellite mission 
developed by the China Centre for Resources Satellite Data 
and Application (CRESDA) for monitoring the geologi-
cal environment, landslides, and earthquake disasters. The 
LT-01 constellation consists of two LEO satellites named 
LT-01A and LT-01B which were launched on January 26 
and February 27, 2022, respectively. They are both in a sun-
synchronous orbit with an altitude of 600 km and an inclina-
tion of 97.8°.

For onboard performance comparison and mutual backup, 
each of the LT-01 satellites is equipped with a pair of dual-
constellation GNSS receivers that are capable of tracking 
both GPS and BDS multi-frequency signals. The onboard 
receivers track the L1 C/A and L2 P(Y) signals for all GPS 
satellites. The legacy B1I and B3I signals are tracked for 
all BDS-2 and BDS-3 satellites excluding the geostationary 
earth orbit (GEO) satellites, whereas the new B1C and B2a 
signals are additionally tracked for BDS-3 satellites. Each 
receiver is connected to a separate antenna that is mounted 
on the top panel at an inclination of 30.5° degrees from the 
boresight direction. The antenna phase center offset (PCO) 
is described in the satellite body-fixed (SBF) frame defined 
as follows: the origin of the SBF frame is the center of mass; 
the + Z-axis points toward Earth center, the + X-axis points 
toward the satellite velocity direction, and the + Y-axis com-
pletes a right-hand coordinate system. The PCO vectors of 
the two antennas are (− 0.422, 1.828, − 1.653) m and (0.418, 
1.814, − 1.620) m, respectively.

The LT-01B onboard GPS and BDS-3 observations from 
March 4th to April 9th, 2022, corresponding to the day of year 
(DOY) 63–99/2022, are collected for the RTOD analysis. The 
RINEX 4.00 version broadcast navigation file (referred to as 
BRD4 hereafter) is used in RTOD, which consists of both 
GNSS satellite ephemeris and broadcast EOP data. For com-
parison analysis, we utilize the post-processing high-precision 

C04 EOP product generated by International Earth Rotation 
and Reference Systems Service (IERS) as the reference value. 
It should also be noted that in this study we focus the investi-
gation on the new BDS-3 signals, explicitly the B1C and B2a 
signals rather than the legacy B1I and B3I signals.

GPS and BDS‑3 broadcast EOP evaluation

The broadcast EOPs are evaluated by comparison with IERS 
C04 EOP product. The IERS C04 product, generated from the 
combined EOP series of multiple space-geodetic techniques, 
demonstrates polar motion and UT1-UTC with high precisions 
of less than 0.05 mas and 0.01 ms, respectively (Bizouard et al. 
2019). Due to the ambiguous specifications of subdaily tidal 
variations of the broadcast EOP data in GNSS ICDs, we emu-
late Steigenberger et al. (2022) to add subdaily corrections to 
C04 EOPs before performing the comparison.

The GPS and BDS EOP errors during DOY 63–99/2022 are 
shown in Fig. 1. They both exhibit significant periodical varia-
tions at diurnal and sub-diurnal frequencies, which should be 
attributed to the fact that the subdaily EOP variations cannot 
be fully represented through the linear fit function adopted by 
the GNSS broadcast EOPs. The GPS xp and yp errors fluctu-
ate within ± 3.0 mas while the UT1-UTC errors are within 
± 0.5 ms. Discontinuities are observed at midnight each day at 
a level of approximately 1.0 mas and 0.2 ms for polar motion 
and UT1-UTC, respectively, which should be attributed to 
the daily update of the GPS broadcast EOP prediction model 
(Steigenberger et al. 2022; Li et al. 2023). Compared to the 
GPS EOPs, the BDS EOP errors exhibit much larger varia-
tions, which are within ± 10.0 mas and approximately 0.6 ms 
for polar motions and UT1-UTC, respectively. There are six 
jump incidences in the BDS EOP error series with each spac-
ing around 7 days. The discontinuities on DOY 70, 77, and 
97 of 2022 even reach a level more than 9.0 mas for the polar 
motion and 0.4 ms for UT1-UTC. These jumps are presumably 
caused by the update of the BDS broadcast EOP prediction 
model. The overall RMS errors of GPS broadcast EOPs are 
1.22 mas, 0.60 mas, and 0.12 ms for xp and yp, and UT1-UTC, 
respectively, while those of BDS EOPs are 4.01 mas, 1.91 
mas, and 0.24 ms, respectively. The BDS polar motion errors 
are about three times those of GPS, while the BDS UT1-UTC 
errors about twice those of GPS.

Analysis of the EOP impact on RTOD

The strategy of LT-01B onboard RTOD with GPS and 
BDS-3 observations is presented. Then, we conduct RTOD 
with different EOP datasets to analyze its impact.
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Onboard RTOD strategy

The LT-01B onboard GPS and BDS-3 observations are pro-
cessed with an RTOD software adapted from the post-pre-
cision GNSS data analysis software PANDA (Position and 
Navigation Data Analysis) developed at Wuhan University 
(Liu and Ge 2003). This software applies a typical reduced-
dynamic orbit determination approach for RTOD (Monten-
bruck et al. 2005). It uses ionospheric-free (IF) code and 
carrier-phase observations as the basic observation model 
and implements the square root information filter (SRIF) to 
improve the numerical efficiency and stability. The detailed 
algorithm can be found in Li et al. (2022).

The dynamic models and observation models in LT-01B 
RTOD are presented in Table 1. Gravitational perturba-
tions, including Earth gravity, tidal perturbations, N-body 
effects, and relativistic perturbations, are calculated using 
background models, e.g., EIGEN-06C (Shako et al. 2014) 
for non-spherical gravity and FES 2004 (Lyard et al. 2006) 
for oceanic tidal perturbations. Considering the efficiency 
requirement and memory limits for onboard RTOD, the 
EIGEN-06C is truncated to a degree and order of 50 × 50, 
whereas the ocean tide model is expanded up to a degree and 
order of 5 × 5. Non-gravitational perturbations such as the 
atmosphere drag and solar radiation pressure (SRP) are con-
sidered. The DTM 2013 model (Bruinsma 2015) is adopted 
to calculate the atmosphere mass density while a box-wing 
model based on LT-01B geometry is constructed for SRP. 
To compensate for the mis- and un-modeled perturbations, 
empirical accelerations in the along-track and cross-track 
directions are estimated as stochastic parameters at each 
epoch. The GPS legacy navigation message (LNAV) and 

BDS CNAV ephemerides are utilized for computing GPS 
and BDS-3 satellite orbits and clocks, respectively. Notably, 
the antenna phase center offsets of BDS-3 satellites are cor-
rected to corresponding frequencies using the CSNO (China 
Satellite Navigation Office) antenna file. To compensate for 
the broadcast ephemeris ranging error, a separate SISRE 
parameter for each GNSS satellite is estimated as a random 
walk process considering its slow-varying signature (Gun-
ning et al. 2019; Li et al. 2022). Considering the different 
precision levels of GPS and BDS-3 ephemerides, the process 
noise values of their SISRE parameters are set differently. 
The GPS and BDS broadcast EOPs are used for coordinate 
frame transformation in RTOD to evaluate the impact. In 
addition, RTOD with IERS C04 EOPs is also performed as 
the baseline solution for comparison.

With above RTOD strategies, the LT-01B orbits are 
estimated and then evaluated by comparison to the precise 
orbits derived from post-processing POD. The precision 
of LT-01B POD is at the 1.0 cm level as inferred from a 
typical 6-h orbit overlap comparison, which is sufficient for 
assessing the RTOD precision. For analysis of the RTOD 
convergence time, the convergence criterion is defined as 
the three-dimensional (3D) orbital error staying below 1.0 m 
for at least 10 min.

SISRE noise sensitivity on RTOD

Before performing LT-01B RTOD, the process noise 
of the SISRE parameter should be selected carefully to 
reasonably capture the slow-varying ephemeris ranging 
errors (Gunning et al. 2019). We test the process noise 
of the SISRE parameter with values from 0 to 10 mm, 

Fig. 1   GPS (left) and BDS 
(right) broadcast EOP errors 
compared to IERS C04 EOP 
product during  DOY 63–99 in 
2022 with an interval of 30 s. 
The corresponding mean and 
standard deviation values are 
given in the figure
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of which the level of 0 mm indicates no SISRE estima-
tion. The corresponding RTOD precisions are shown in 
Fig. 2. In the case of no SISRE estimation, the RTOD pre-
cision with BDS-3 observations reaches 39.1 cm, indicat-
ing an improvement of 39.8% compared to that with GPS 
(65.0 cm) since the BDS-3 ephemeris SISRE is only half 
that of GPS (Chen et al. 2021). Both the GPS and BDS 
RTOD achieve better precisions with the SISRE param-
eter estimated. The GPS-only RTOD accuracy decreases 
to approximately 40 cm when the SISRE noise is increased 
from 0 to 10 mm, and it achieves the best accuracy at 
36.2 cm when the SISRE process noise is 5 mm. On the 
other hand, the BDS-only RTOD dramatically improves 
to 25.8 cm with a process noise of 1 mm. Continuously 
increasing the SISRE process noise degrades the RTOD 
precision. In summary, the best choice of the SISRE 

process noise is 5 mm for GPS and 1 mm for BDS-3. In 
the following RTOD calculations, the process noise of the 

Table 1   LT-01B RTOD strategy

Item Description

Reference frame
ECI reference frame J2000.0
ECEF reference frame GPS: the World Geodetic System 1984 (WGS84) (NGA 2021)

BDS-3: BDS coordinate system (Han et al. 2021)
Precession and nutation IERS-2010 (Petit and Luzum 2010)
EOP IERS C04 (Bizouard et al. 2019) consistent with ITRF2014

Broadcast EOPs (IS-GPS-200M 2021; CSNO 2017a, 2017b, 2020)
Dynamic model
Gravity model EIGEN-06C (Shako et al. 2014) truncated to a degree and order of 50 × 50
Solid earth tide IERS Conventions 2010 (Petit and Luzum 2010)
Ocean tide model FES 2004 (Lyard et al. 2006) truncated to a degree and order of 5 × 5
Relativity IERS Conventions 2010 (Petit and Luzum 2010)
N-body perturbation JPL DE405 (Standish and Williams 1992)
Solar radiation pressure Box-wing model (Marshall and Luthcke 1994)
Atmosphere drag DTM2013 (Bruinsma 2015); atmosphere drag coefficient estimated
Empirical acceleration Sine and cosine accelerations in along-track and cross-track components
Observation model
Observation interval 30 s
Observations IF code and phase combination; (GPS: L1/L2; BDS-3: B1C/B2a)
Observation noise IF code: 2.0 m; IF phase: 1.0 cm
Parameter a-prior accuracy and process noise (Δt = 30 s) Position: 0.1 m and 0.2 m

Velocity: 0.02 m/s and 0.2 m/s
Drag coefficient: 10 and 0.001
SRP coefficient: 10 and 0.001
Empirical acceleration: 100.0 nm/s2 and 0.05 nm/s2

GNSS orbit and clock GPS LNAV (IS-GPS-200M 2021) and BDS CNAV (CSNO 2017a, 2017b, 2020)
GNSS PCO GPS: Ignored

BDS-3: corrected from B3I to B1C and B2a PCOs according to CNSO antenna file
LT-01B PCO Corrected using values provided by manufacture

Fig. 2   GPS (red) and BDS-3 (green) independent RTOD errors under 
different process noise levels of SISRE parameters
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SISRE parameter is set with this configuration if there is 
no specific notation.

RTOD with broadcast EOPs

To analyze the impact of broadcast EOPs on RTOD, we 
conduct LT-01B RTOD calculations using different constel-
lations and different EOP datasets. Then, their RTOD preci-
sions are assessed.

GPS/BDS‑3 independent RTOD

We perform LT-01B RTOD using independent GPS and 
BDS-3 observations, during which different EOPs are 
employed, i.e., the C04 and broadcast EOPs. The RTOD 
calculation is not conducted on six separate days owing to 
data outages caused by satellite attitude maneuvers, i.e., 
DOY 68, 74, 85, 86, 92, and 98/2022. The RTOD filter is 
reinitialized at midnight each day to facilitate the conver-
gence performance analysis.

The daily RTOD errors are calculated and shown in 
Fig. 3. For GPS RTOD with either C04 or broadcast EOPs, 
the along-track RMS values mainly vary within 0.2–0.4 m, 
while those at the cross-track and radial components at a 
smaller magnitude within 0.1–0.2 m. The BDS-3 RTOD 
presents a much better performance than GPS, revealing 
variations mainly within 0.1–0.2 m for all the three com-
ponents. This is apparently attributed to the higher BDS-3 
ephemeris precision than GPS. Both GPS and BDS-3 
RTOD results show very few differences when using broad-
cast EOPs instead of C04 EOPs, indicating the broadcast 
EOP errors barely affect the RTOD precision. To further 

investigate this, we conduct RTOD again without estimating 
the SISRE parameters; the results are also shown in Fig. 3. 
When no SISRE estimated, both the GPS and BDS-3 RTOD 
precision manifest degradations of several decimeters while 
BDS-3 RTOD again shows an overwhelming performance 
than GPS. More significantly, the RTOD results using the 
broadcast EOPs show overall worse precisions than those 
using C04. For example, the BDS-3 RTOD deteriorates from 
37.8 to 42.5 cm during DOY 95–97 when the BDS-3 yp error 
vary around 6.0 mas and UT1-UTC errors about 0.4 ms.

The average RTOD precisions are calculated and listed 
in Table 2. When estimating no SISRE, the precisions of 
GPS-only RTOD with C04 EOPs are 56.4 cm, 22.2 cm, 
and 22.3 cm in the along-track, cross-track, and radial 
components, respectively, while those with GPS broadcast 
EOPs are 61.4 cm, 22.3 cm, and 24.2 cm, indicating a 3D 
orbital degradation of 5.1 cm (7.8%) due to broadcast EOP 
errors. For BDS-3, the orbit precisions obtained with C04 
are 28.7 cm, 16.2 cm, and 21.7 cm, respectively, while 
those with BDS broadcast EOPs present degradations of 
2.4 cm and 1.7 cm for the along-track and radial com-
ponents. The 3D orbit precision shows degradations of 
3.3 cm (8.4%) for BDS-3 RTOD. The RTOD errors caused 
by broadcast EOPs can be compensated well by SISRE 
parameters. With SISRE estimated, the along-track, cross-
track, and radial precisions of GPS RTOD with either 
broadcast or C04 EOPs are improved to 30.5 cm, 13.7 cm, 
and 13.4  cm, respectively, whereas those of BDS-3 
RTOD are 16.7 cm, 12.8 cm, and 14.4 cm, respectively. 
The BDS-3 RTOD shows a better performance than GPS 
by 10.5 cm (28.9%), primarily attributed to the superior 
BDS-3 ephemeris precision.

Fig. 3   Daily RMS errors of 
independent GPS (left panel) 
and BDS-3 (right panel) RTOD. 
The orange and blue dots and 
lines denote the RTOD results 
with SISRE estimation applied 
using the C04 EOPs (C04) 
and broadcast EOPs (BRD), 
respectively. The red and green 
dots and lines denote the RTOD 
results using C04 and broadcast 
EOPs but without estimating 
SISRE, respectively
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Figure 4 shows the daily convergence time of each RTOD 
runs. The GPS-only RTOD converges mainly between 
20 and 30  min while the BDS-3 RTOD mostly within 
15–20 min. The convergence time for the entire arc is aver-
aged for comparison, as shown in Table 2. With SISRE 
parameterization, the GPS RTOD shows an average con-
vergence time of 21.3 min while BDS-3 RTOD performs 
much better, reaching 16.4 min. Note that both the GPS and 
BDS-3 RTOD results indicate that the utilization of broad-
cast EOPs barely affects the RTOD convergence time. Note 
the convergence time of BDS-3 RTOD is significantly better 
than the results obtained with HY2D by 23.0 min (Li et al. 
2022), which is mainly attributed to the fact that LT-01B 
averagely tracks 3–4 more BDS-3 satellites than HY2D.

GPS/BDS‑3 combined RTOD

Combining the GPS and BDS-3 observations increases the 
observation redundancy and improves the dilution of posi-
tion (DOP), thus benefiting the combined RTOD precision. 
In Fig. 5, the frequency count of visible GPS/BDS satellites 
per epoch tracked by LT-01B is shown, while the position 
DOPs (PDOPs) with different constellations, such as GPS, 

BDS-3, and GPS and BDS-3 combination, are illustrated as 
well. Notably, only the satellite with a full presence of dual-
frequency observations is considered since the IF carrier-
phase and code combination model is used in RTOD. LT-
01B can track more than four GPS and BDS-3 satellites for 
almost all epochs and the maximum satellite number reaches 
12. The tracking performance for BDS-3 is slightly better 
than that for GPS. The proportion of epochs with a satellite 
number exceeding 9 is 29.8% for BDS-3, which is 11.2% 
higher than that for GPS. Statistically, the average satellite 
numbers for GPS and BDS-3 are 8.2 and 8.6, respectively; 
as a result, the average number of GPS and BDS-3 combi-
nations reaches 16.8. Correspondingly, the GPS-only and 
BDS-only PDOP values vary mainly from 1.5 to 6.0, result-
ing in averages of 2.3 and 2.8, respectively. In contrast, the 
PDOP by the GPS and BDS-3 combination is significantly 
reduced between 1.0 and 2.0 with an average value of 1.4, 
indicating improvements of 39.1% and 50.0% against the 
GPS-only and BDS-only PDOP, respectively. In addition, 
frequent jumps are found in the GPS and BDS-3 PDOP 
series but are barely presented with the GPS and BDS-3 
combination, indicating that the GPS and BDS-3 combina-
tion increases the PDOP stability as well.

Table 2   The RMS statistics of 
RTOD errors in the along-track, 
cross-track, radial, and 3D 
directions for GPS and BDS-3 
RTOD applying C04 EOPs and 
broadcast EOPs

System EOP SISRE Along-
track (cm)

Cross-
track (cm)

Radial (cm) 3D (cm) Conver-
gence 
(min)

GPS C04 × 56.4 22.2 22.3 65.0 40.5
C04 √ 30.5 13.7 13.4 36.2 21.3
GPS × 61.4 22.3 24.2 70.1 45.7
GPS √ 30.6 13.7 13.4 36.3 22.3

BDS-3 C04 × 28.7 16.2 21.7 39.1 16.7
C04 √ 16.7 12.8 14.4 25.8 16.3
BDS × 31.1 16.8 23.4 42.4 17.0
BDS √ 16.6 13.0 14.3 25.8 16.5

GPS and BDS-3 C04 √ 15.0 12.2 13.5 23.9 13.8
BRD √ 15.2 12.3 13.5 24.1 13.9

Fig. 4   Daily convergence time 
for GPS (blue), BDS-3 (red), 
and GPS and BDS-3 combined 
RTOD. The correspond-
ing mean values are given in 
minutes
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The average precision of the combined RTOD is 
shown in Table  2. The precisions with precise EOPs 
achieve 15.0, 12.2, and 13.5 cm at the along-track, cross-
track, and radial components, respectively, while those 
with broadcast EOPs are at identical levels. The com-
bined RTOD precision is much better than the GPS-only 
result with a significant 3D RMS reduction of 12.3 cm. 
However, the improvement over the BDS-3 independent 
RTOD is only 1.8 cm, indicating that the BDS-3 obser-
vations make the dominant contribution to the combined 
RTOD.

The combined RTOD presents a dramatic advantage 
in accelerating convergence speed comparing to single-
system RTOD, which is primarily attributed to signifi-
cant PDOP improvement with combined observations. As 
shown in Fig. 4, the daily convergence time of combined 
RTOD mainly varies between 10.0 and 20.0  min and 
the average value is 13.8 min, which is 7.5 and 2.5 min 
shorter than those of GPS and BDS-3 independent RTOD, 
respectively. This indicates improvements of 35.2% and 
15.3%, respectively.

RTOD improvement with broadcast EOPs

The rotation errors in GNSS ephemerides present significant 
impacts on the ground positioning results even with SISRE 
parameterization (Li et al. 2023). Fortunately, they can be 
partly characterized by the broadcast EOP errors. In this 
section, we analyze the GPS and BDS-3 combined RTOD 
by considering ephemeris rotation correction with broadcast 
EOPs.

Rotation inconsistency correction for multi‑GNSS 
ephemerides

The ephemeris rotation errors present prominent correlations 
with the broadcast EOP errors. Li et al. (2023) indicated that 
the polar motion xp and yp errors correspond to the Y/X-axis 
rotation errors, respectively. Therefore, the rotation correc-
tion for GPS and BDS-3 ephemerides can be denoted as,

where rbrd and rcor are the GNSS satellite position vectors 
calculated from broadcast ephemeris and those after rota-
tion correction; and Rx, Ry, and Rz are the rotation param-
eters along the X-, Y-, and Z-axis, respectively. In particular, 
Rx and Ry exhibit strong correlations with the polar motion 
errors, specifically yp and xp, respectively. Thus, the rotation 
parameters can be linked to EOP errors as expressed below,

where the polar motion with the subscripts brd and ref 
denotes the broadcast EOPs and reference EOPs, respec-
tively. The C04 product is a good candidate for reference 
EOPs but is only available for post-analysis. For real-time 
applications such as RTOD, the GPS EOPs can be used 
instead. By referencing GPS broadcast EOPs, the BDS-3 
ephemeris orientation is aligned to that of GPS. Notably, 
since there are few correlations between the Rz rotation and 
the UT1-UTC errors, we currently do not apply the Rz cor-
rection when using this EOP alignment approach.

RTOD improvement analysis

Considering the ephemeris rotation correction, BDS-3 
RTOD and GPS/BDS-3 combined RTOD are performed 
with another two strategies; one uses C04 EOPs as refer-
ences while the other uses GPS EOPs (denoted as ROT_4 
and ROT_G, respectively). In order to get the best RTOD 

(1)rcor = rbrd +

⎡
⎢
⎢
⎣

0 Rz −Ry

−Rz 0 Rx

Ry −Rx 0

⎤
⎥
⎥
⎦
rbrd

(2)
Rx = yp,brd − yp,ref

Ry = xp,brd − xp,ref

Fig. 5   Top: frequency count of the satellite number per epoch for 
GPS and BDS-3. Bottom: PDOP for GPS-only, BDS-3-only, and GPS 
and BDS-3 combined observations. The corresponding mean PDOP 
values are presented in the bottom panel
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performance by correcting all three axial rotation errors, 
RTOD is also performed by applying the orbital rota-
tion parameters derived from the Helmert transformation 
between the broadcast ephemeris and the post-precise orbit 
products, denoted as ROT.

To illustrate the benefits of using ephemeris rotation cor-
rection, the RTOD errors in DOY 65–67/2022 are depicted 
in Fig. 6, during which the BDS-3 polar motion errors reach 
as large as 4.0–9.0 mas. The BDS-3 RTOD and combined 
RTOD reveal variations mainly within ± 1.0 m for each 
of the three components. With the ROT_4 and ROT_G 

strategies applied, both BDS-3 RTOD and combined RTOD 
present smaller along-track errors than those with no rotation 
correction; the reduction even reaches 0.5 m. This agrees 
with the BDS-3 polar motion errors during this period and 
indicates the RTOD calculations can benefit from ephemeris 
rotation correction using the broadcast EOPs.

To illustrate the RTOD precision improvement due to 
ephemeris rotation correction, the daily RTOD errors using 
the BRD, ROT_G, ROT_4, and ROT schemes are dis-
played in Fig. 7. Both BDS-3 and GPS/BDS-3 combined 
RTOD show RMS reductions of several centimeters in the 

Fig. 6   Orbit errors of BDS-3 
RTOD (left) and GPS and 
BDS-3 combined RTOD (right) 
during DOY 65–67/2022. 
All results are obtained using 
broadcast EOPs. The BRD 
result considers no ephemeris 
rotation correction. The spikes 
at daily boundaries are due to 
RTOD reinitializations at mid-
night each day

Fig. 7   Daily RMS values of 
BDS-3 RTOD (left) and GPS/
BDS-3 combined RTOD (right) 
with different rotation correc-
tion strategies
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along-track and cross-track components with ephemeris 
rotation corrected, and the reductions are more prominent 
when the update interval of BDS broadcast EOPs increases. 
For example, the BDS polar motion errors are as high as 
6.0–9.0 mas during DOY 65–67/2022 and 93–95/2022 
before the EOP update on DOY 70/2022 and 97/2022. In 
result, the along-track RMS error of the combined RTOD 
reaches 18.9 cm with the BRD strategy and is reduced to 
13.7 and 13.3 cm with the ROT_G and ROT_4 strategies, 
respectively; meanwhile, the cross-track RMS also presents 
a decrease from 18.8 to 15.6 and 15.4 cm, respectively. 
By ephemeris correction via the broadcast EOP alignment 
method, the maximum 3D improvement reaches 10.2 cm for 
BDS-3 RTOD and 7.7 cm for GPS/BDS-3 combined RTOD. 
Moreover, comparison of the ROT results to ROT_4 and 
ROT_G reveals that a larger improvement for cross-track 
precision can be obtained by the additional Z-axis rotation 
correction. For instance, the average cross-track RMS of 
combined RTOD during DOY 65–67/2022 and 93–95/2022 
is further improved to 8.4 cm with the ROT case, reveal-
ing reductions of 10.4, 7.2, and 7.0 cm against the BRD, 
ROT_G, and ROT_4 cases, respectively.

The average RMS errors for the ROT_G, ROT_4, and 
ROT schemes are listed in Table 3. The ROT_G and ROT_4 
strategies arrive at very comparable precisions for both 
BDS-3 and GPS/BDS-3 combined RTOD, indicating that 
taking the GPS EOPs as references is sufficient for the EOP 
alignment approach. With these two schemes, the average 
along-track, cross-track, and radial precisions of the BDS-3 
RTOD are 14.9, 12.0, and 14.4 cm, respectively, while those 
of the GPS/BDS-3 combined RTOD are 13.6, 11.0, and 
13.7 cm, respectively. Their 3D precisions reach 24.3 cm 
and 22.5 cm, respectively, and indicate improvements of 
1.5 and 1.6 cm against the RTOD results without rotation 
correction. The cross-track precisions of the BDS-3 RTOD 
and GPS/BDS-3 combined RTOD are further improved to 
9.6 and 9.1 cm with the ROT scheme, respectively, mainly 
due to the Z-axis rotation correction. In result, their 3D 
precision improvements both increase to 3.0 cm. Since the 

Z-axis rotation error shows little dependence on the broad-
cast EOPs, an online estimation for it could be considered 
in onboard RTOD implementation.

Conclusion

In this contribution, we investigate the RTOD performance 
using onboard GPS and BDS-3 data from a Chinese LEO 
mission LT-01B. Due to the advantage of real-time global 
availability, the broadcast EOPs from modernized GNSS 
navigation messages are applied in the LT-01B RTOD cal-
culation, and their impact on RTOD is then analyzed.

The GPS and BDS-3 broadcast EOP quality are evaluated 
by comparison to the post-precise IERS C04 EOP product. 
The mean RMS errors of GPS xp and yp, and UT1-UTC, are 
1.22 mas, 0.60 mas, and 0.12 ms, respectively, while those 
of BDS-3 are 4.01 mas, 1.91 mas, and 0.24 ms, respectively. 
BDS-3 broadcast EOPs are more than two times worse than 
GPS EOPs due to longer update intervals.

Considering the slow-varying SISRE of GNSS ephem-
eris, we estimate a SISRE parameter for each GNSS satel-
lite as a random walk process during RTOD. Unintention-
ally, the SISRE parameterization approach compensates for 
both ephemeris errors and EOP errors. Without estimating 
the SISRE, the RTOD precision using broadcast EOPs 
is 70.1 cm for GPS-only RTOD and 42.4 cm for BDS-3 
RTOD, indicating degradations of 5.1 cm (7.8%) and 3.3 cm 
(8.4%) compared to the results using precise EOPs. With 
the SISRE estimated, the 3D orbit precisions of GPS and 
BDS-3 independent RTOD with broadcast EOPs reach 38.1 
and 25.8 cm, respectively, which are in the same magni-
tudes as those with C04 EOPs. Combining GPS and BDS-3 
observations for RTOD further improves the orbit preci-
sion to 24.1 cm. Meanwhile, the combined RTOD shows a 
convergence time of 13.8 min, which is 35.2% and 15.3% 
faster than that of GPS and BDS-3 independent RTOD, 
respectively.

With the broadcast EOPs being able to represent ephem-
eris rotation errors, we further investigate the broadcast 
EOP alignment approach to improve the BDS-3 and GPS/
BDS-3 combined RTOD. After applying this EOP alignment 
correction, the RTOD calculations show significant along-
track and cross-track precision improvements, especially 
when BDS-3 broadcast EOPs suffer large errors due to long 
update intervals. The maximum 3D improvements of BDS-3 
independent and GPS/BDS-3 combined RTOD reach 10.2 
and 7.7 cm during the experiment period, while the average 
improvements are both around 1.5 cm.

To conclude, broadcast EOPs barely affect GPS and 
BDS-3 RTOD precision when the SISRE parameters are 
estimated. Moreover, the RTOD precision can be further 
improved if both GPS and BDS broadcast EOPs are available 

Table 3   Precision statistics of BDS-3 and GPS/BDS-3 combined 
RTOD. Different ephemeris rotation correction strategies are applied 
for these RTOD solutions

System Strategy Along-
track 
(cm)

Cross-
track 
(cm)

Radial (cm) 3D (cm)

BDS-3 ROT_G 14.9 12.0 14.4 24.3
ROT_4 14.8 12.0 14.3 24.1
ROT 14.6 9.6 14.3 22.8

GPS and 
BDS-3

ROT_G 13.6 11.0 13.7 22.5
ROT_4 13.5 11.2 13.4 22.4
ROT 13.1 9.1 13.6 21.1



GPS Solutions (2024) 28:52	

1 3

Page 11 of 13  52

as they can be used to correct the broadcast ephemeris rota-
tion errors. Therefore, it is viable to use the EOP data from 
GNSS navigation messages for onboard RTOD calculation, 
which is advantageous in updating EOPs in real time and 
improving the automaticity of RTOD.
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