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Abstract

ephemeris performance of BDS-3 will be improved.

URE

Previous studies have not evaluated the systematic errors implied in the third generation of BeiDou-3 Navigation
Satellite System (BDS-3) broadcast ephemeris. In this paper we evaluate the systematic pattern described by the
Helmert transformation parameters, including translations, rotations, and scale. BDS-3 broadcast and precise eph-
emerides from December 2019 to 2022 are collected, and the characteristics of the transformation parameters as well
as their effects on the signal in space error are analysed. The annual variation in the z-translation is obtained, and the
similar amplitudes of 5.5 cm and phases of approximate 300 days are obtained for different years. When the rotation
parameters are considered in the orbit comparison, the Root Mean Square (RMS) errors of the along- and cross-track
orbital differences decrease from 29.1 to 12.5 cm and from 30.6 to 9.2 cm, respectively, because the three rotation
parameters compensate for the majority of the errors in the BDS-3 broadcast ephemeris. Moreover, the high correla-
tions in the obtained rotation parameters among the three orbital planes suggest that the orientation of the BDS-3
broadcast ephemeris is influenced by common model errors, i.e.,, uncertainty of Earth Rotation Parameters (ERPs). Fur-
ther research is required because an offset of 1.5x 10~ for the scale parameter is observed. A degraded User Range
Error (URE) for epochs of up to 84% is attained when the systematic pattern is considered, though the impact of the
systematic pattern indicated by the z-translation and rotation parameters on the URE is less than 5.0 cm. With the
refinement of the ERPs implemented in the new generation of broadcast ephemeris, we anticipate that the broadcast
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Introduction

As a new emerging Global Navigation Satellite System
(GNSS), the BeiDou Navigation Satellite System (BDS) has
completed the development of its third stage. BeiDou-3
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Navigation Satellite System (BDS-3), in contrast to Bei-
Dou-2 Navigation Satellite System (BDS-2), which offered
services to the users only in the Asia—Pacific region, has
been offering global Positioning, Navigation, And Timing
(PNT) services since its formal commissioning in Decem-
ber 2018 (Yang et al., 2020). For a standard PNT user, the
broadcast ephemerides of GNSS play a crucial role. Con-
sequently, the assessments and monitoring of the Signal in
Space Error (SISE) consisting of orbit and clock errors are
often conducted by the GNSS community and its control
segment.

Compared to the precise products obtained by Wuhan
University (WHU), Chen et al. (2013) assessed the
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broadcast ephemerides of BDS-2 satellites and found the
Root Mean Square (RMS) values of orbital differences
of 2.1, 1.5, and 1.4 m for the Geostationary Earth Orbit
(GEO), Inclined Geo-Synchronous Orbit (IGSO) and
Medium Earth Orbit (MEO) satellites of BDS-2. Using
one-year ephemerides, the user range errors of the signal
in space were assessed by Hu et al. (2013). The average
User Range Error (URE) of IGSO was 1.2 m, while the
URE of MEO was gradually improved from 3.5 to 1.2 m
and the average precision of 5 GEO/5 IGSO/4 MEO was
approximately 1.5 m. Wu et al. (2017) also evaluated the
performances of BDS-2 satellites based on a long-term
ephemeris of approximately 4 years, and the results dem-
onstrated that the broadcast clock dominated the URE.
Moreover, relatively large orbit error jitters are found
whenever the satellites enter the eclipse season (Wu
et al., 2017). Thanks to the advanced Ka-band Inter-Sat-
ellite Link (ISL), obvious improvements were achieved
for the BDS-3 broadcast ephemerides (Xie et al., 2019;
Yang et al., 2017) compared to those of BDS-2. Lv et al.
(2020) obtained an orbit-only URE of 0.1 m for the initial
18 BDS-3 MEO satellites by comparing the broadcast and
precise ephemerides of 55 days, and a URE of 0.5 m was
also obtained considering both the orbit and clock errors.
Using another 6-month dataset in 2019, Shi et al. (2020)
validated that the orbit and clock uncertainties of BDS-3
MEO satellites were improved from 2.0 m and 2.91 ns
for BDS-2 to 0.5 m and 1.82 ns, respectively. A signifi-
cant improvement in the positioning service with the
additional satellites of the BDS-3 preliminary system was
also achieved in that study (Shi et al,, 2020). Collecting
3-month broadcast ephemerides of the four GNSSs, i.e.,
Global Positioning System (GPS), GLObal NAvigation
Satellite System (GLONASS), BDS-3, and Galileo navi-
gation satellite system (Galileo), in 2019, Montenbruck
et al. (2020) assessed and compared the SISEs of the
four constellations and reported that Galileo and BDS-3
achieved the smallest UREs of the orbit and clock error
budgets.

In the studies mentioned above, the discrepancies
in the reference frames were typically ignored when
comparing broadcast and precise ephemerides. As a
result, the assessment results included inconsisten-
cies among reference frames. It is commonly known
that Helmert transformation parameters can be used
to explain any systematic discrepancies between two
sets of positions in separate terrestrial reference frames
(Boucher & Altamimi, 2001; Malys et al., 2021). Chen
et al. (2021) estimated rotation parameters based on a
Helmert transformation between broadcast and precise
ephemerides, and the largest rotations were found for
BDS-2 and BDS-3 constellations compared to the other
three GNSSs. Moreover, an obvious linear pattern was
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noticed in the Satellite Laser Ranging (SLR) residuals
of BDS satellites in the same study (Chen et al., 2021),
which was related mainly to the solar radiation pressure
model adopted in the precise ephemeris determination
and prediction method. In another study, Chen et al.
(2022a) further validated obvious systematic rotation
and translation errors of BDS-3 broadcast ephemerides
compared to those of GPS and Galileo, and a similar
pattern was also confirmed in precise positioning using
broadcast ephemerides.

Benefiting from the improved performance of broad-
cast ephemerides, especially for the two newest con-
stellations (i.e., Galileo and BDS-3), it is possible to
achieve Precise Point Positioning (PPP) at the decime-
tre accuracy level using broadcast ephemerides without
any external information. By compensating the SISE of
broadcast ephemerides using a specific parameter in
the PPP model, Carlin et al. (2021) achieved a position
accuracy of 25 cm for Galileo/GPS integrated kinematic
PPP. Although Galileo dominated this positioning accu-
racy due to its SISE being smaller than that of GPS, the
multi-constellation solution is still preferred because it
can provide more visible satellites, and robust position-
ing results can be expected (Bahadur & Nohutcu, 2018;
Cai & Gao, 2013). Chen et al. (2022b) validated that
integrating BDS-3 into GPS/Galileo PPP with broad-
cast ephemerides improved the static and kinematic
modes by 1 and 5 c¢m, respectively. With the promising
performance of multi-GNSS broadcast ephemerides, a
resilient solution can be provided for the future orbit
determination of massive Low Earth Orbit (LEO) con-
stellations based on PPP with broadcast ephemerides
(Montenbruck et al., 2022a; Wang et al., 2020; Gong
et al., 2020). However, the possible systematic errors
presented in broadcast ephemerides should be carefully
analysed and considered in the application of PPP with
broadcast ephemerides.

In this contribution, the Helmert transformation is
used to analyse the systematic errors of BDS-3 broad-
cast ephemerides from the perspective of a relatively
long timescale. This article is organized as follows.
After the introduction, the collection of the broad-
cast and precise ephemerides is presented in the sec-
tion “Data source’, and the calculation methods for the
assessment of broadcast ephemerides are introduced
in the section “Computation of systematic characteris-
tics for BDS-3 broadcast ephemerides”. In the section
“Results and discussion’, the Helmert transformation
parameters are analysed in detail within the satellites
and orbital planes, as well as the impacts induced by
these transformation parameters on the SISE. Finally,
the summary and conclusion are given.
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Data source

To compute and analyse the transformation parameters
between the precise orbits and broadcast ephemerides,
the navigation ephemerides from December 2019 to
December 2022 were downloaded from the FTP server of
the WHU data centre (ftp://igs.gnsswhu.cn).

Precise BDS-3 ephemerides are routinely generated
by the analysis centres of the International GNSS Ser-
vice (IGS) Multi-GNSS Pilot Project (MGEX) and Inter-
national GNSS Monitoring and Assessment System
(iIGMAS) (Montenbruck et al., 2017; Zhou et al., 2022).
The precise products produced by GeoForschungsZen-
trum (GFZ) were chosen for the orbit comparison herein
since the processing strategies are consistent during the
test period (Deng et al., 2022). Due to the low-quality and
regional limited coverage of the IGSO and GEO satel-
lites of BDS-3, only the MEO satellites were used for the
orbit comparison. Precise products were not available
for C41-C44 until June 21, 2020, though the correspond-
ing broadcast ephemerides are retrievable. For the other
MEO satellites (i.e., C19-C37), the precise orbits are
available for the whole period except a few days.

Computation of the systematic characteristics of BDS-3
broadcast ephemerides

In this section, the Helmert transformation is employed
to describe the systematic characteristics of BDS-3
broadcast ephemerides, including 3 translations, 3 rota-
tions, and 1 scale. To assess the impacts of the Helmert
transformation parameters on the SISE, the URE indica-
tor is also obtained.

Helmert transformation

By assuming the geometric similarity between the refer-
ence frames realized by the precise orbit and broadcast
ephemerides for the Helmert transformation, the trans-
formation parameters can be calculated as follows:

1 Ry —Ry
—Rz 1 Ry
Ry —Ry 1

Xppe = (1+m) Xpa + T

1)
where T = [Tx Ty TZ]T and [Rx Ry RZ]T are the transla-
tion and rotation vectors, respectively, m is the scale fac-
tor, Xiffl and XZZ; are the position vectors of the same
satellite derived from the broadcast ephemeris and pre-
cise orbit, respectively, expressed in the Earth-Centred-
Earth-Fixed (ECEF) coordinate system.

The precise orbit is referenced to the point of Centre of
Mass (CoM) and should be transformed to the Antenna
Phase Centre (APC) of the satellite to be consistent with
that of the broadcast ephemeris. The Phase Centre Offset
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(PCO) corrections from the China Satellite Navigation
Office (CSNO) are applied to align the reference point of
the GFZ precise orbit from CoM to APC as follows:

APC CoM S
Xpre = Xproe +A”Xrco (2)
where XQ};C and ngeM are the precise positions referred

to as APC and CoM, respectively, AS represents the coor-
dinate transformation matrix from the satellite body
fixed system to the ECEF, and Xpco is the coordinate of
the point of the mean phase centre offset for the satellite,
which is generally described in the satellite body-fixed
frame.

Considering that the update interval of the BDS-3
broadcast ephemeris is 1 h, Helmert transformation pro-
cessing is conducted using one epoch of satellite posi-
tions for each hour. Generally, 24 sets of transformation
parameters are obtained for each day. Moreover, the
satellite positions calculated from the broadcast ephem-
eris are considered outliers if they differ from the precise
orbits by more than 3 m. In addition, the epochs with
orbit differences 3 times larger than the yearly stand-
ard deviation are excluded in the computation of Helm-
ert transformation parameters. Consequently, there are
approximately 4,189 epochs, and less than 1% of the total
dataset is removed for the test period.

URE

The orbit errors in the radial, along-track, and cross-track
directions are calculated for individual satellites to assess
the impacts of possible systematic differences between
the broadcast and precise orbits on the SISE. The URE of
the broadcast ephemeris sygrg is also obtained based on
the following formula:

SURE = \/WAR? + WA (A2 4 C?) (3)

where R, A and C denote the RMS of the broadcast
ephemeris in the radial, along-track, and cross-track
directions, respectively, and wr and w4 are the weight
factors for the global averaging signal-in-space range
error related to a specific satellite and are selected as
0.981 and 0.136, respectively, for the BDS-3 MEO satel-
lites (Montenbruck et al., 2015).

Results and discussion

In this section, the characteristics of the Helmert trans-
formation parameters between the broadcast and pre-
cise satellite positions are presented. For the statistics
of Helmert transformation parameters, the epochs with
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values larger than 3 times the yearly STandard Deviation
(STD) are removed.

Transformation parameters
Translation
The daily translation biases and STDs of the BDS-3
broadcast ephemerides are shown in Fig. 1. Although
the hourly transformation parameters are prone to be
impacted by the accuracy of the broadcast ephemeris, the
daily translation biases vary around zero, with averages
of —1.3, —6.0, and —0.2 mm for Tx,Ty and Tz, respec-
tively. The daily STDs are mostly smaller than 100 mm,
and their means are 28.3, 50.6 and 23.4 mm for the three
components, respectively. Although the z-translation
parameter achieves the smallest daily STDs, it shows an
obvious annual period, which can be validated by the
spectral amplitudes illustrated in Fig. 2. Generally, the
Tz amplitude reaches a maximum value of approximately
10 cm in June and December of each year.
Rodriguez-Solano et al. (2012a, b) demonstrated that
the z-component of the GNSS-derived geocentre is
prone to be impacted by the Solar Radiation Pressure
(SRP) model in orbit determination. Moreover, a sys-
tematic linear pattern of SLR residuals with respect to
the Sun-elongation angle is illuminated for the precise
products of BDS-3 MEO satellites using the five-param-
eter Extended CODE (Center for Orbit Determination
in Europe) Orbit Model (ECOM) and may be further
reduced by the updated ECOM model (Zhao et al., 2022).
Consequently, we suspect that the annual variations in
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broadcast ephemeris

Tz may be related to the imperfect SRP model adopted
in the generation of the BDS-3 broadcast ephemeris and
that the annual amplitude is likely amplified by regional
stations (Duan et al., 2022; Zhou et al., 2020).

The systematic pattern in the z-translation can be
described by the following function:

Tz = Az sin(w1 At + ¢4,) + Dz (4)

where Az and ¢4, are the amplitude and phase, respec-
tively, of the annual signal with a frequency of w1.

Figure 3 illustrates the yearly variations in Tz and
the residuals with the fitting function based on Eq. (4),
and Table 1 summarizes the coefficients and RMS.
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Table 1 Coefficients of the fitting results for the z-translation

Year Az(mm) ¢a,(d) Dz(mm) RMSofTz(mm) RMSofT;
residuals
(mm)

2020 709 2747 6.7 538 16.5

2021 548 321.7 -14 41.0 139

2022 464 309.5 0.7 349 14.7

A similar pattern is found in different years, and the
annual phases of different years are almost the same.
Nevertheless, there is still some inconsistency in the
amplitude of the fitting function. The annual amplitude
decreases from 70.9 mm in 2020 to 46.4 mm in 2022,
which may be related to the improved performance of
the broadcast and/or precise ephemerides.

Once the fitting values are subtracted from the trans-
lation Tz, a small RMS of 14—17 mm is achieved for
the residuals, indicating that approximately 58-69% of
the Tz variations can be described by a systematic pat-
tern using Eq. (4). This finding also means that a similar
improvement could be achieved for the precision of the
BDS-3 broadcast ephemeris when the annual correc-
tion of T is considered in orbit assessment.

The transformation parameters are also computed for
GPS and Galileo broadcast ephemerides (not shown),
and similar annual patterns are found for 7z with ampli-
tudes of 51.8 and 32.3 mm for these two constellations,
respectively. This indicates that common SRP errors
dominate the variations in 77 for both broadcast eph-
emerides of different constellations. Arnold et al. (2015)
demonstrated that the annual amplitude of the GPS geo-
centre z-coordinate derived from the 5-parameter ECOM
model was two times as large as the result determined by
SLR, as the SLR result could be reduced significantly by
the updated ECOM with the additional consideration of
even-order, short-period harmonic perturbations along
the Sun-satellite direction. For the geocentres derived
from BDS, Li et al. (2023) illustrated that the a priori
box-wing along with the 5-parameter ECOM model can
reduce the annual amplitude of the z-coordinate (i.e.,
61.1-84.6 mm) by a factor of 2.9.

Scale

Figure 4 displays the scales of the BDS-3 broadcast
ephemerides compared to precise products for the
years 2020-2022. It is clear that the daily scales fluctu-
ate between 0 and 3x 107, with a resultant average of
1.48x107°. Moreover, the daily scales have no apparent
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offset, indicating that the scale realized by the broad-
cast ephemerides of new satellites is comparable to that
of earlier satellites. Overall, an STD of 0.54%x107°
achieved for the daily scale.

The scale bias can be explained by two factors: first,
the scale estimates are strongly correlated with the PCO
values adopted for the reference point alignment of the
broadcast ephemeris, and any PCO inconsistencies
between the broadcast and precise orbits could intro-
duce scale estimation biases (Montenbruck et al., 2022a,
2022b; Zhu et al., 2003); second, the satellite antenna
thrust or the Earth albedo perturbation are not consid-
ered, and the inconsistency model of the these two non-
conservative forces could also introduce a radial satellite
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orbit bias that could be absorbed by the scale parameter
in Helmert transformation. When the antenna thrust is
considered in the GNSS orbit determination, the radial
orbit bias can reach 2.7 cm (i.e., approximately 1.0 x 10~%)
depending on the transmit power, the satellite mass, and
the orbital period (Steigenberger et al., 2018). The Earth
albedo, consisting of visible light and infrared emission,
can introduce an average bias of radial orbit difference of
1 cm for GPS satellites depending on the geometrical and
optical properties of the spacecraft (Rodriguez-Solano
et al. 2012a, b). A comparison between BDS-3 orbits
with and without the consideration of antenna thrust and
Earth albedo shows increases of 3—4 cm in the SLR resid-
ual biases (Guo et al., 2023).

Rotation

The rotation parameters are shown in Fig. 5. For the rota-
tions along the x-, y- and z-axis (i.e., Ry, Ry and Ryz), the
daily rotations fluctuate mostly within+5 milli-arcsec-
ond (mAs). The averages of the three-year rotations are
0.460, —0.064 and 0.589 mAs for Ry, Ry and Rz, respec-
tively, and the averages of their daily STDs are 0.760,
0.890 and 0.656 mAs, respectively.

The ranges of the rotation variations for the GPS and
Galileo broadcast ephemerides are within+2 mAs (not
shown), indicating that the relatively large orientation
errors are obtained for BDS-3. Since the GNSS technique
is unable to determine the orientation of the station-
satellite observation network and ERP simultaneously,
any ERP bias is compensated by a rotation of the whole
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constellation, and vice versa. Consequently, the obvi-
ous uncertainty of the ERP explains the violent fluctua-
tions in the rotation parameters of the BDS-3 broadcast
ephemeris.

A short period is presented in the rotation variations,
during which the rotations increase and can reach 20
mAs for RY. Chen et al. (2022a) illustrated that the short
period of the rotations was related to the weekly update
interval of the ERP used in orbit determination. Figure 6
presents the quantiles (i.e., 2.5, 25, 50, 75, and 97.5%) of
the rotation parameters for each day of the week. The
range of middle 95% rotations increases from Tuesday of
each week in 2020, which is consistent with the results
of Chen et al. (2022a). A similar pattern is also found for
the rotations in 2021, suggesting that the ERP predic-
tions degrade over time within each week. However, the
update epoch differs in 2022, when the ERPs are most
likely updated on Thursday.

The broadcast ERPs are gathered and compared to
the precise products to verify the effects of the ERP on
the BDS-3 broadcast ephemeris. The fluctuations of the
broadcast ERP difference (i.e., dXoles dYpose, and dtur1)
against the rotation parameters are shown in Fig. 7.
Despite some jitters far away from the fitting line, a high
correlation is found between the rotations and ERP,
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especially for the two-pole-motion parameters. The over-
all correlation coefficients are 0.77, 0.75, and 0.21 for
the three rotation parameters against the corresponding
ERPs, indicating the high correlation between the rota-
tions and ERP. The small correlation between dtyTt; and
Rz is likely related to the fact that any error in d¢yT; could
be compensated by the ascending node of the satellite in
orbit determination.

Correlation analysis between different orbit planes

This section focuses on the correlations of the Helm-
ert transformation parameters among the three orbital
planes of MEO satellites. The correlations of translation
parameters among different orbital planes are presented
in Fig. 8. For the translations in the x and y directions, no
significant correlations are found between different orbit
planes, and the coefficients are smaller than 0.15. This
can be explained by the fact that the Ty and Ty derived
from orbit comparison are dominated by the errors of
BDS-3 broadcast ephemerides and presented as white
noise for different orbit planes. Due to the annual pattern
presented in the Tz component (Fig. 2), the correlation
coefficients of Tz reached 0.7. This suggests that the sys-
tem pattern of Tz is similar in different years (Fig. 3) and
consistent in different orbit planes. Moreover, the high
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correlations found in different orbit planes indicate that
there are common unmodelled effects in the generation
of broadcast ephemerides.

Figure 9 demonstrates the correlations of rotations
among different orbit planes. A significant correlation
within orbit planes is noticed for all three components of
the rotation parameters, and correlation coefficients of
up to 0.99 are obtained. This indicates that the rotation
errors of the BDS-3 broadcast ephemeris are consistent
among different orbit planes and related to the whole
constellation (i.e., the uncertainty of ERP adopted for the
generation of the broadcast ephemeris). Considering that
the ERPs are highly correlated to the orientation of the
orbit, any deficiency in the ERPs could induce rotation
errors in the spatial realization of the terrestrial reference
frame (i.e., the satellite orbits). Moreover, larger BDS-3
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broadcast ERP errors were found by Steigenberger et al.
(2022) compared to the broadcast ERP errors of GPS.

Figure 10 presents a comparison of the scale param-
eters for different orbital planes. No obvious correlation
is found among the three planes, and the parameters are
dominated by the scale uncertainty estimated from the
orbit comparison. The correlation coefficients do not
exceed 0.3. Moreover, a small inconsistency is noticed
for the orbital plane scales, and the largest scale offset
of 1.82x 1077 is obtained for plane B. The smallest offset
of 1.16x 1077 is found for plane C, and the average scale
is 1.43x 1077 for plane A. These results can be related
to inconsistent antenna thrust and Earth albedo models
introducing different radial offsets compared to those of
precise products.

Impact on SISE

Without considering the systematic pattern of the BDS-3
broadcast ephemeris, the performance of BDS-3 posi-
tioning will deteriorate. In this section, the impacts on
the BDS-3 SISE for the systematic pattern described by
the transformation parameters are analysed. Due to the
obvious annual pattern presented in the z-translation,
which can be described by Eq. (4), and the high correla-
tions among different orbital planes for Tz and rotations
(Figs. 8 and 9), we will focus on the correction of the 7
and three rotation parameters.

Figure 11 shows the assessments of broadcast eph-
emerides with and without considering the Tz and rota-
tion corrections for individual MEO satellites (denoted
as W_RT and WO, respectively). For a comparison, the
results of the broadcast ephemerides corrected with Tz
using Eq. (4), and rotations, denoted as W_T and W_R,
are also presented separately. Overall, the Tz correc-
tion manifests in the radial and along-track components
of the broadcast ephemerides, and the mean decreases
in RMS are 0.004 and 0.002 m, respectively. The RMS
reduction of three dimensions (3D) for W_T is small (i.e.,
0.42%) compared to that of WO. However, this does not
mean that the 7z correction can be ignored. The periodic
pattern for a Tz amplitude reaching one decimetre (i.e.,
the middle and end of each year) should be compensated
in PPP based on the BDS-3 broadcast ephemeris (Chen
et al.,, 2022b).

A pronounced decrease in RMS is obtained for the
broadcast ephemerides when the whole constellation
rotation is corrected (i.e., W_R) compared to the W_T
results. The RMS in the along-track direction is reduced
from 0.291 to 0.125 m, and that in the cross-track direc-
tion is reduced from 0.306 to 0.092 m. Moreover, the
precision improvements are consistent among different
satellites, and this is likely related to the high correlations
of the rotations among different orbital planes (Fig. 9).
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Because the rotation errors do not act on the radial
direction, there is no decrease in RMS in this direction.
Considering both Tz and the rotations for the broadcast
ephemeris assessment, the RMS is further decreased
for W_RT compared to W_R. The average 3D RMS val-
ues obtained for the BDS-3 MEO satellites are 0.430,
0.428, 0.176 and 0.171 m for WO, W_T, W_R and W_RT,
respectively.

To evaluate the effects of the Tz and rotations on the
SISE, the orbit-only URE is used. The changes in URE
between the broadcast ephemerides with and without
z-translation and/or rotation corrections are shown in
Fig. 12. A negative difference means a smaller URE is
obtained for the orbits when the systematic pattern is
considered. Once again, a pattern similar to URE differ-
ences among different satellites is observed, suggesting a
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common type of the defect implied in the BDS-3 broad-
cast ephemeris. Additionally, this finding implies that
there are obvious error sources dominating the perfor-
mance of the broadcast ephemerides, such as the defi-
ciencies in the ERP and SRP models.

Figure 13 shows the distribution of the orbit-only URE
differences of all satellites. A decreased URE of broadcast
ephemerides with z-translation and rotation corrections
is achieved compared to the results obtained without
any corrections. The UREs of 65.8% epochs, 82.6% and
84.3% epochs decrease for the broadcast ephemeris with
the compensation of z-translation, rotation and the com-
bined errors, respectively. Since the orbit errors in the
along- and cross-track directions have limited effects on
the URE (i.e., 0.136) based on Eq. (3), the amplitude of
the URE difference induced by the rotation errors in the

|
il II
1'|
IlllrliJ
|l

0.04

0.02

I | IIIHIH w ﬂl
A

Tlll.blu\

il 'IIII'III'II’M I

| *HI | |
-0.02

Difference (m)

-0.04

0.04

0.02

Difference (m)

-0.02

-0.04

i Jikd
i Iﬁ'-rf"'ruw i
“'\ LE | | F' [[

mh,"u i

| "u:ﬂr"«

MM
R

2020 2021

i “,Ii”]{,m..\ r.{m
| I, .'v {1 f" ||

‘...;“"',' , (e
| i ot I“{G;;':: i .'H. |

2022

0.04

0.02

Difference (m)

i |"]
I 1

-0.02

-0.04

Year

Fig. 12 Orbit-only URE differences between the broadcast ephemeris with and without the z-translation (a), rotation (b), and z-translation/rotation

(c) corrections



Li et al. Satellite Navigation (2023) 4:16

30

Page 12 of 14

20 -

10 -

Frequency (%)

1 1 |

0
-0.10 -0.08 -0.06 -0.04 -0.02 0.

00 0.02 0.04 0.06 0.08 0.10

Distribution of orbit-only URE difference (m)

Fig. 13 Distribution of the orbit-only URE difference between the broadcast ephemerides with and without the z-translation (a), rotation (b), and

z-translation/rotation (c) corrections

broadcast ephemeris is approximately 1 cm. However,
the rotation errors of the whole constellation could still
introduce a horizontal positioning bias, as validated by
Chen et al. (2022b). A URE difference of up to 3 cm could
be induced by the amplitude of the z-translation, and this
value is time-dependent (Fig. 12).

Conclusions

The systematic errors of BDS-3 broadcast ephemeris
over three years are analysed using the Helmert trans-
formation parameters compared to precise orbits. The
characteristics of translation, rotation and scale param-
eters derived from the orbit comparison are first ana-
lysed. Afterwards, the correlations among different
orbital planes are assessed to examine the transformation
parameters. Finally, the impacts of the translation and
rotation errors implied in the broadcast ephemeris on the
SISE are illuminated.

Although the transformation parameters derived
herein are affected by the uncertainty of the broadcast
ephemeris, similar annual z-translation characteristics
are found in different years. The z-translation fluctuation
can be effectively described as an annual periodic func-
tion, and an RMS decrease by 60% is achieved when the
systematic pattern is subtracted from the z-translation
by the obtained function. The BDS-3 broadcast ephem-
eris is also much affected by rotation errors of the whole
constellation, and the RMS values of the along-track and

cross-track components can be reduced from 29.1 and
30.6 to 12.5 cm and 9.2 cm, respectively, when the rota-
tion parameters are considered in the orbit comparison.
Moreover, small weekly increases in rotation errors are
noticed for the three-year broadcast ephemerides and
are likely related to the ERP updates associated with the
orbit determination and prediction. Regarding the scale
parameter, an offset of 1.5x107? is found for the BDS-3
broadcast ephemeris compared to the precise orbits and
can be explained mainly by the inconsistent antenna
thrust and Earth albedo model adopted by the broadcast
and precise ephemerides, though further study is needed.

High corrections of up to 0.99 are noticed for the rota-
tions obtained from different orbital planes, suggesting
again that the orientations of the broadcast ephemerides
of satellites located in different orbital planes are influ-
enced by a common mode error (e.g., the ERP uncer-
tainty). A moderate correlation of 0.6 is also found for
the z-translation parameters estimated from different
orbital planes, and this was likely induced mainly by the
SRP model and amplified by the regional stations applied
for the determination of the broadcast ephemerides.
Although the z-translation and rotations have decimetre
amplitudes, the effects of these systematic patterns on the
URE are less than 5.0 cm. To improve the performance of
the BDS-3 broadcast ephemeris, further research should
be conducted to refine the SRP and ERP.
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