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Abstract: Satellite laser ranging (SLR) is the space geodetic technique with the highest degree of
range, measuring precision and distances right down to the millimeter level. Thanks to the improve-
ment of SLR station layouts and the advance of SLR technology, in recent years, more research has
been conducted to determine Global Navigation Satellite System (GNSS) satellite orbits using SLR
data. The primary goal of this contribution is to investigate the accuracy of BeiDou Navigation-3
(BDS-3) Satellite precise orbit determination (POD) using solely SLR data, as well as explore the
impact of various factors on that accuracy. Firstly, we used actual SLR data to make the POD for
BDS-3 satellites, and the POD accuracy was positively connected with the orbital arc lengths. The 9-
day median root mean square (RMS) in radial (R), along-track (T), and cross-track (N) directions
were estimated at 4.7-8.2, 22.1-35.2, and 27.4-43.8 cm, respectively, for comparison with WUM pre-
cise orbits. Then, we explored the impact of SLR observations and stations on POD accuracy. For 9-day
orbital arc lengths, five station or 20 observation arcs may offer an orbit with a 1 m precision. Six to
eight stations or 30-35 observation arcs allow an improved orbit accuracy up to approximately 0.5 m.
Furthermore, we examined how measurement errors and orbit modeling errors affect the SLR-only POD
accuracy using simulated SLR data. For orbital arc lengths of 9 days, each cm of random error leads to a
9.3-11.0 cm decrease in orbit accuracy. The accuracy of an orbit is reduced by 10.1-15.0 cm for every 1
cm of systematic error. Moreover, for solar radiation pressure (SRP) errors, the effect of POD accuracy
is 20.5-45.1 cm, respectively.

Keywords: BDS-3; SLR; precise orbit determination (POD); accuracy analysis

1. Introduction

SLR is a highly precise technique used to measure the distance between a satellite
and a ground station by timing the travel of laser pulses, and its normal points (NPs)
accuracy can reach the millimeter level [1,2]. The observation distance has increased from
a few hundred kilometers to several hundred thousand kilometers, making significant
contributions to a range of low Earth orbit (LEO) satellites, high Earth orbit (HEO) satel-
lites [3], and Lunar Laser Ranging (LLR) [4-8]. The International Laser Ranging Service
(ILRS), which was established in 1998, consists of more than 40 continuously operating
SLR stations [9-11]. To help with GNSS satellite PODs and orbit monitoring, ILRS has
organized many observation activities for GNSS satellites since 2014 and achieved excit-
ing results [12]. Although microwaves are still the predominant method of determining
GNSS satellite orbits, with the rapid development of SLR technology, SLR can also be
used to determine the orbit of GNSS satellites [13].
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SLR observations are typically used to validate GNSS orbits derived from microwave
measurements [14-19] and combine other methods to determine GNSS orbits [20-22]. As
a GNSS satellite, BDS was developed in three stages. With the final step succeeding in
2020, the BDS-3 system has been successfully fully operational [23,24]. BDS-3 satellites
have laser retroreflect arrays (LRAs) to support SLR. In recent years, several investigations
have been conducted on BDS satellite PODs using solely SLR data, and they can obtain
decimeter-level orbit accuracy for BDS-2 satellites [25,26]. However, there are fewer stud-
ies on SLR POD for BDS-3 satellites [27]. The quality of SLR-derived orbits for BDS-3 sat-
ellites is heavily influenced by the observation geometry (orbital arc lengths, number of
SLR observations, and number of SLR stations), measurement errors (random and sys-
tematic errors), and orbit modeling errors. For research on the effect of observation geom-
etry, Bury et al. concluded that 5-7-day arcs constitute the best solution. Additionally,
considering the 3-day arcs, five SLR stations do not provide sufficient observation geom-
etry. Meanwhile, to obtain MEO orbits of adequate quality, roughly 60 SLR observations
are required [26]. Yang H et al. concluded that, to achieve a stable and reliable precise orbit
using SLR data alone, it is necessary to process 7- to 9-day arc solutions so that it can
provide a sufficient quantity and geometry of SLR observations. At least 50-80 observa-
tions are available, and 5-6 SLR sites are distributed in the Northern and Southern Hemi-
spheres [27]. Hugentobler conducted a simple simulation to evaluate the potential of SLR
for the POD of GNSS satellites based on the number and distribution of tracking stations.
The simulation demonstrated that, with observations from three days, the orbit precision
could reach the meter level. By increasing the number of NPs to three per pass for a net-
work of 17 stations, the POD result can improve to a few centimeters even within one day
and to about 1 cm for observations over three days [28]. Nevertheless, it should be high-
lighted that the analysis does not consider any systematic observation or orbit modeling
mistakes.

Overall, most previous studies used actual SLR observations, which contain random
errors and SLR station systematic errors [29]. However, the impact on random and sys-
tematic errors of the SLR-only orbit determination for BDS-3 satellites has yet to be ana-
lyzed. Meanwhile, orbit modeling errors, especially SRP, are the largest non-conservative
term other than gravity and can have a magnitude up to 107 m/s? [30]. Analyzing SRP
errors is crucial to enhancing the POD of BDS-3 satellites.

This study discusses the accuracy of BDS-3 satellite PODs using solely SLR observa-
tions from 1 January 2020 to 31 December 2020. The multi-day arc solutions were calcu-
lated to test and analyze the accuracy of the SLR-only orbit of BDS-3 satellites, including
four MEQ satellites, which were C20 and C21 from the China Academy of Space Technol-
ogy (CAST) and C29 and C30 from Shanghai Engineering Center for Microsatellites
(SECM). Then, we explored the accuracy dependency of the SLR-only POD on the number
of SLR observations and stations. Finally, based on simulated SLR data, we analyzed the
influence of random errors, SLR station systematic errors, and SRP errors on SLR-only
POD accuracy in detail.

2. Methods
2.1. Measurement Model for SLR

The observed value of SLR at time t can be expressed as Equation (1):

T
=cx— 1
p=ex? (1)
where # isthe average one-way distance, € isthe speed of light,and 7 is the round-
trip traveling time of the laser pulse. The two-way ranging measurement model has the
form:
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Figure 1 is the schematic diagram of the two-way ranging measurement for SLR.
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Where Al and PO are the upward distance and downward distance of the laser

signal. %u s the laser upbound time, %4 is the laser down-bound time, Rt is the posi-
tion where the down-bound laser signal is received by the station at the time t,
R(t-7,-7

u

) is the position where the monitoring station transmits up-bound signals to
. I-7,—1 r(t—t;) . .
the detector at the time d "u_and ( d) is the position where the detector re-

ceives the laser uplink signal at the time =7 . Considering the correction value, the one-
way calculated distance by SLR at time t is:

p()

POy + PO doun
= pfd + AIDTD + ApMc + ApRo (3)

p=pt)

The residual of the SLR observations is:

R(it—-7,-7,)
x A Apy.——troposphere delay
pu\ o Ap,,—tidal correction
Ap,,~ ——centroid compensation correction
Ap,, ——Station eccentricity correction
R(1)

Figure 1. Schematic diagram of the two-way ranging measurement for SLR.

2.2. POD Strategies

The methodology of SLR-only POD is implemented by the dynamic orbit determina-
tion approach [31]. The configuration of parameters of SLR-only orbit determination are
shown in Table 1. Moreover, the fundamental information and offsets of LRA’s effective
phase center with respect to the Center of Mass (CoM) for BDS-3 satellites are shown in
Table 2.

Table 1. The configuration of parameters of SLR-only orbit determination.

Project Parameters and Models
Observe Elevation Angle Threshold 10°
Threshold Residuals of SLR Observations 300 mm
Earth Gravity Field GGMO05S, 120 x 120
N-body Perturbation JPL DE430 [32]
SRP ECOM 9 [33]

Precession and Nutation IERS2010 [34]
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A priori Station Coordinates ITRF2014 [35]
Pole and Ocean tides CSR4.0 [36]
Relativistic Perturbation Only Schwarzschild
A priori Orbital Parameters The Precise Orbit of WUM
Orbital Parameters 6 Orbital Element and 9 ECOM SRP

Table 2. The fundamental information and offsets of LRA’s effective phase center with respect to
CoM for BDS-3 satellites [13].

Pseudo-Random

Noise (PRN) Number PCOX (mm) PCOY (mm) PCOZ (mm)
C20 594.7 -86.4 1264.4
C21 598.6 -86.6 1265.0
C29 664.6 4249 642.7
C30 664.6 4249 642.7

The National University of Defense Technology orbit determination Toolkit
(NUDTTK) software was used in this paper [37-39]. Each arc section according to the
number of NPs set the weight to avoid part of the station due to the role of fewer data
being diminished. The external accuracy of the multi-day arc solutions was assessed by
contrasting the difference with microwave-based orbits from WUM. At 15-min intervals,
the orbital differences were broken down into RTN directions, and their corresponding
daily RMS were determined using Equation (4):

ik

where M is the total number of the orbit list, x;gm is the SLR solution orbit’s position,

WUM . . . I
x!"™" is the microwave-based orbit position.

If the RMS value of the orbit determination error exceeds the threshold of 1, 5, and 5 m
in the R, T, and N directions for BDS-3 satellites, then it is considered a failure in the SLR-
only orbit determination, and the RMS values of multi-day arc solutions are experimen-
tally deleted. The efficiency of the orbit solutions is evaluated by comparing the number
of successful SLR solutions to the total number of orbit solutions determined using micro-
wave observations at WUM during the same period [27].

2
xiSLR _ leUM‘ ( 4)

3. BDS-3 POD Based on Actual SLR Observations
3.1. SLR Observations of BDS-3 Satellites

All available SLR NP observations of the consolidated laser ranging data (CRD) for-
mat for BDS-3 satellites in 2020 are provided by the ILRS, as shown in Table 3 and Figure 2.
It can be seen that the number of SLR observations of the C20 and C21 satellites was more
significant than those of C29 and C30, with an average of 10 NPs per day. C29 and C30
satellites had an average of 8 NPs per day. The number of observations in the first half of
2020 was significantly higher than in the second half of 2020. More than 350 arcs of com-
ment on average per month can be guaranteed in total; in April, there were over 650 ob-
servation arcs. However, there were only 260 observation arcs in October.
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Figure 2. The daily (a) and monthly SLR observations (b) of BDS-3 provided by ILRS in 2020.

Table 3. The number of SLR observation arcs and NPs of BDS-3 satellites in 2020.

Observations
PRN
Arcs NPs
C20 1209 3492
C21 1211 3566
C29 988 2846
C30 914 2755

Figure 3 highlights the monthly contributions of each SLR station to the observations
made by four BDS-3 satellites, and the distribution of SLR stations is depicted in Figure 4.
From Figure 3, station 7090 from Australia provided the most observations. Moreover, five
stations, including 7237 in China, 7840 in the United Kingdom, 7845 in France, 7941 in
Italy, and 8834 in Germany, made significant contributions to the observations of BDS-3
satellites through their SLR measurements. However, some stations only observe BDS-3
satellites for a short period, such as 7396 in China, 1884 in Latvia, and 7501 in South Africa.
Interestingly, station 8834 ceased providing SLR observations of BDS-3 after July 2020.
According to Figure 4, the majority of SLR observations of BDS-3 satellites are provided
by stations in the Northern Hemisphere, including those located in China (7237, 7249,
7824, 7819, and 7396), Europe (7941, 7840, 8834, 7827, 7810, 7839, 7841, 1884, and 7845),
and the United States (7110, 7105). Only three stations in the Southern Hemisphere con-
tribute SLR observations, the 7090 station and the 7825 station, which are located in Aus-
tralia, and 7501 in South Africa.
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Figure 3. The contribution of each SLR station to the monthly SLR observations of BDS-3 satellites.
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Figure 4. The distribution of BDS-3 satellite SLR observation stations in 2020 (‘blue and *'stations
refer to the 6 stations that contribute a large number of SLR observations).

3.2. The Orbit Comparison with WUM Orbits

We validated the WUM orbits externally and eliminated the worst SLR observations,
which can improve the precision and stability of the SLR-only orbit determination. In Ta-
ble 4, the percentage of qualified SLR observations is over 97.28% for all BDS-3 satellites,
showing the number of available SLR observations of 2680-3512, respectively. The RMS
of SLR residuals is 3.36-3.78 cm, and the mean offset is 0.42-2.78 cm for BDS-3 satellites.
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Table 4. The number of available SLR NPs, the proportion of the available SLR NPs, and the
mean/RMS for SLR validation residuals (unit: cm).

PRN Available NPs Proportion Overall
C20 3476 99.37% 2.78/3.77
C21 3512 98.49% 2.68/3.71
C29 2810 98.74% 1.18/3.78
C30 2680 97.28% 0.42/3.36

The success efficiency and average accuracy of BDS-3 satellite SLR-only multi-day
PODs are displayed in Table 5. As the orbiting arc length increases, the efficiency of orbit
determination solutions of all satellites increases significantly. When the length of the or-
biting arc is three days, the POD success efficiency is only about 50%, while the arc length
of 5 days can be increased to 80%. The efficiency is similar for 7-day and 9-day arc solu-
tions. In the 9-day arc length, for C20 and C21 satellites, it is possible to determine a reliable
orbit solution above 97.2-98.0% and above 91.3-94.1% for C29 and C30 satellites. Figure 5 de-
picts the average POD accuracy at various orbiting arc lengths, with the highest accuracy
of a 9-day arc length. About 1 m of POD accuracy can be obtained in a 5-day arc length.
The POD accuracy improves from 1-2 m at a 3-day arc length to 0.5-1 m at a 9-day arc

length.

Table 5. The success efficiency and average 3D-RMS of SLR-only PODs.

The Success Efficiency of POD

Average 3D-RMS (Unit: m)

PRN Solutions (Unit: %)
3d 5d 7d 9d 3d 5d 7d 9d
C20 62.8 87.3 96.4 97.2 1.29 0.72 0.51 0.40
C21 59.2 88.1 95.6 98.0 1.08 0.75 0.48 0.42
C29 51.0 79.6 90.8 94.1 1.51 0.96 0.79 0.69
C30 45.6 77.1 88.6 91.3 1.56 1.06 0.89 0.75
2 , r : :

1.5 §
g
R
wn
21 |
i
o)
o

0.5 1

3-days

5-d

ays 7-days
Orbital arc

9-days

Figure 5. The overall average 3D-RMS of SLR-only PODs.

Table 6 gives the results of the 9-day POD. In the statistical results of the median RMS,
the C20 and C21 satellite orbit accuracies in the 3D direction were better than 40 cm, while
those of the C29 and C30 satellites were between 50 and 60 cm. The median orbit RMS of
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all BDS-3 in the R direction was below 10 cm, and the C20 and C21 satellites can even
achieve 5 cm.

Figure 6 shows the box plots for the four BDS-3 satellites under the 9-day solution,
with the solid line in the box representing the median RMS; the first (Q1) and third (Q3)
quartiles are denoted by the bottom and top lines of the box, respectively. The box’s height
indicates the interquartile range (IQR). The value of Q3 + 1.5 IQR and Q1 - 1.5 IQR is
indicated by the top and bottom whiskers, respectively. Figure 6 demonstrates that C20
and C21 satellites have a more consistent POD accuracy, with most solutions within 50 cm.
In contrast, the accuracy of the C29 and C30 satellites is less accurate, mainly due to spe-
cific solutions being above 150 cm. The quantity of SLR observations and the distribution
of observation stations could be the leading causes of this discrepancy.

Table 6. The median RMS of 9-day solutions (Unit: cm).

VS WUM
PRN
R T N 3D
C20 4.8 22.1 279 37.7
C21 4.7 22.2 27.4 37.8
C29 7.9 35.2 41.0 55.1
C30 8.2 33.2 43.8 57.0
swoF . : . X
350 * *
300 F +
E250
7 *
E 200 F :
%' 1
150 : o
* I
100 | _%_ 1
50F
.
(1] L ! L L
C20 Cc21 C29 C30
PRN

Figure 6. Box-plots for the four BDS-3 satellites under the 9-day solution.

3.3. The Dependency on the Number of SLR Observations and SLR Stations

Figure 7 depicts how the quantity of SLR observations in 9-day arc solutions influ-
ences RMS in RTN directions. The maximum number of SLR observation arcs for all four
BDS-3 satellites exceeds 60 in 9-day arc solutions. However, at least 10 SLR observation
arcs are required to obtain an orbit successfully. With more than 20 SLR observation arcs,
the orbit accuracy considerably increases and improves, especially in the T and N direc-
tions. The orbital accuracy increases slightly when there are 30 or more SLR observation
arcs.
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Figure 7. The relationship between the number of SLR observations and the median RMS values is
shown by the red, blue, and black dots, which correspond to the RMS values in the R, T, and N
directions, respectively. In addition, the median RMS values are indicated by a hollow circle, with
a step size of 2. Subplot (a—d) represents C20, C21, C29, and C30 satellites, respectively.

Figure 8 shows how the RMS for 9-day solutions depends on the number of SLR
stations. The C20 and C21 satellites have a maximum of 14-15 SLR stations, and there are
13 SLR stations for the C29 and C30 satellites in their 9-day arc, respectively. At least 3-5
SLR stations are necessary to determine an orbit effectively. Additionally, the accuracy of
the multi-day arc solutions increases with the number of SLR stations. For C20 and C21
satellites, the POD results improve and become steadier when there are more than 6-8
SLR stations. The geographic distribution geometry of SLR stations is strengthened as the
number of SLR stations rises, improving the accuracy of the SLR-only orbit determination,
particularly in the T and N directions, especially for C29 and C30 satellites.
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Figure 8. The relationship between the number of stations and the median RMS values. The defini-
tions of different color dots and circles are the same as in Figure 7. Subplot (a—d) represents C20,
C21, C29, and C30 satellites, respectively.

4. Simulation Analysis of BDS-3 POD Accuracy

The SLR observations contain inevitable measurement errors (random and system-
atic errors). This section explores how measurement errors and orbit model errors affect
the accuracy of POD using simulated data and the same number of actual observations.

4.1. SLR Observations Simulation Processing Strategy

The observations of BDS-3 satellites were simulated with the fitting orbit [40,41] and
the actual observations of BDS-3 satellites in 2020 to ensure that the moments and the
number of SLR simulation arcs correspond to the actual SLR observations. The simulation
process is depicted in Figure 9 in CRD format. The fitting orbit refers to the orbit obtained
by fitting the WUM orbit with the orbital dynamics model. The purpose of using the fitting
orbit as the reference orbit for simulated orbit determination is to ensure that the orbit
dynamics model used in the simulated orbit determination is consistent with the dynamic
model of the fitting orbit. Compared to the fitting orbit, the POD results for the 9-day
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solution were 0.7 mm for C20 and C21 satellites and 0.9 mm for C29 and C30 satellites
when no measurement error was applied to the simulated data. The performance proves

the correctness of the simulation idea.

/ BDS-3 SLR data in CRD format/ / The fitting orbit with orbit model /

v

Obtain the laser firing time and

station information of the actual SLR

NO

Figure 9. The simulation process of SLR data based on actual observations.
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Converting range values to laser
flight times

!
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moment

Go to the next arc?

YES
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completed?

YES

Generate simulation data in
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4.2. Dependency on the Measurement Errors

To discuss the effect of measurement error on the accuracy of orbit determination,
the reference orbit should be ‘the orbit determined using the simulated clean SLR observations
(without measurement errors)’. The 3D RMS of BDS-3 satellites is displayed in Figure 10, with
the nine-day data adjusted for 1-3 cm random errors (Gaussian white noise). The results
indicate that increasing the random error resulted in decreased orbit accuracy. For exam-
ple, the median orbit accuracy of BDS-3 satellites was between 7.1 and 10.8 cm when there
was 1 cm of random error, 15.0-22.3 cm under 2 cm of random error, and 21.8-32.6 cm

under 3 cm of random error.
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Figure 10. BDS-3 satellites simulated POD accuracy (with random errors).

The accuracy of SLR measurements is limited by uncorrected systematic errors in the
stations, resulting from various sources such as calibration and synchronization proce-
dures, hardware malfunction, and nonlinearities in the time-of-flight measurement de-
vices [29]. According to information from https://ilrs.cddis.eosdis.nasa.gov/science/qcb/
(accessed on 1 January 2023), these errors typically range from 3 to 30 mm. To investigate
the impact of systematic errors on POD accuracy, we conducted an analysis where we
introduced systematic errors of 1-3 cm at each SLR station. According to Strugarek et al.
[42], the SLR residuals show a constant value for the time series dependence of different
SLR stations. Therefore, this paper added the constant value with a random positive or
damaging to the observations of different stations as the systematic error. However, it is
worth mentioning that the systematic errors were the same for the observations of the
same station. Figure 11 shows the POD accuracy. Figure 11 demonstrates that, as system-
atic errors increased, there was a decrease in orbit accuracy. For illustration, the median
orbit accuracy of BDS-3 satellites was between 9.9 and 14.6 cm under 1 cm of systematic
error, 20.3-29.6 cm under 2 cm of systematic error, and 30.6-46.3 cm under 3 cm of sys-
tematic error.
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Figure 11. BDS-3 satellites simulated POD accuracy (with systematic errors).

Tables 7 and 8 illustrate the impact of a 1 cm random error or systematic error on the
POD accuracy of BDS-3 satellites. Table 7 shows that each cm of random error affects the
POD accuracy in the R-direction by approximately 0.7-1 cm and affects the orbit accuracy
in the 3D-direction range of 7.3-11.0 cm. Table 8 shows that each 1 cm of systematic error
affects the orbit accuracy in the R-direction by approximately 1.1-1.5 cm and affects the
orbit accuracy in the 3D-direction in the range of 10.1-15.0 cm. In general, it is related to
the observational density of the satellite.

Table 7. The impact of 1 cm random error on simulated POD accuracy (unit: cm).

PRN R T N 3D
C20 0.7 49 5.1 7.3
C21 0.7 49 5.2 7.6
C29 0.9 6.4 6.9 9.9
C30 1.0 6.9 8.0 11.0

Table 8. The impact of 1 cm systematic error on simulated POD accuracy (unit: cm).

PRN R T N 3D
C20 1.1 6.8 7.5 10.4
C21 1.1 6.4 7.2 10.1
C29 1.3 8.7 10.1 14.1

C30 1.5 9.2 10.7 15.0
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4.3. Dependency on the SRP Errors

The BDS-3 satellite is subject to various conservative and non-conservative forces
during its motion around the Earth. The non-conservative force—SRP—is complex to
model, and its acceleration can reach the order of 107 m/s?, which is the most important
influential factor of the orbital model accuracy. In this section, we examine the impact of
SRP errors on the precision of orbit determination for the BDS-3 satellite. The detailed
simulation idea is as follows:

1.  Fit 1-day orbit individually, 9 days in total, calculate and stitch together their SRP al;

2. Fit 9-day orbits and calculate their SRP a2;

3. Calculate the SRP influence factor C (Equation (5)), and compute the RMS for each
direction at the current time;

Cx= |(a1 X— a2.x) /al .x|

C.y=|(a1.y—a2.y)/al.y| (5)
Cz= |(al Z— a2.z) /al .z|
4. Add the SRP influence factor C according to the current date in the orbit determina-

tion simulation as the SRP errors;
5. Calculate the magnitude of the SRP influence factor:

(\/(m.x)2 T+ (aly) + (alz) — J(@2x)? + (a2.9) + (a2.z)2)
J@x)® + (aly) + (al.z)

Table 9 shows the median SRP influence factor of BDS-3 satellites in 2020. The influence
factors for the satellites of different agencies (CAST and SECM) differed from 1.6-1.8% in X,
2.5-2.8% iny, and 7.8-7.9% in z for C20 and C21 satellites to 3.7-3.9% in x, 3.84.2% in y,
and 9.8-9.9% in z for C29 and C30 satellites, respectively. For SRP influence magnitude, it
was 0.6% for C20 and C21 satellites and 2.0-2.1% for C29 and C30 satellites, respectively.

(6)

Table 9. The median SRP influence factor of BDS-3 satellites (unit: %).

SRP Influence Factor
PRN -
X Y V4 Magnitude
C20 1.8 25 7.9 0.6
C21 1.6 2.8 7.8 0.6
C29 3.9 3.8 9.8 2.0
C30 3.7 4.2 9.9 2.1

Table 10 reveals how SRP errors affect orbit accuracy in the R, T, and N directions.
Under SRP error influence, the C20 and C21 satellite orbit determination accuracy was
21.7 and 20.5 cm, respectively. For C29 and C30 satellite POD accuracy, it increased to 45.1
and 43.3 cm. This effect may stem from the SRP influence factor and the number of SLR
observations.

Table 10. The impact of SRP errors on orbit accuracy in the R, T, and N directions (unit: cm).

PRN VS Orbit Modeling Fitting Orbit

R T N 3D
C20 2.0 14.8 13.9 21.7
C21 2.0 14.5 14.1 20.5
C29 4.5 32.8 25.2 45.1

C30 44 30.8 25.3 43.3
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5. Discussion

The POD of GNSS satellites using SLR has received less attention than that using
GNSS microwaves. However, when enough SLR observations are available, SLR may sig-
nificantly improve the POD accuracy of GNSS satellites. It is influenced by the quantity of
SLR observations, SLR station locations, and measurement errors of SLR observations.
With the assistance of 7-9 days of observations, the accuracy of BDS-3 satellite orbit de-
termination can reach the centimeter level in the R direction even without so many SLR
stations and SLR observations.

For the SLR simulation data with the same observation density, systematic errors de-
teriorated orbit determination accuracy more than random errors. However, if the number
of SLR simulation data is sufficient (only considering that the SLR station is visible to the
satellite on the geometric connections, the detailed simulation process is shown in Figure
12), then the impact of 1 cm random error on POD accuracy is in the order of millimeters,
and the impact of systematic errors is close to its value. Meanwhile, the result of SRP errors
decreased to 12.0 cm for C20 and C21 satellites and 19.2-20.5 cm for C29 and C30 satellites,
respectively. This is caused by the SRP influence factor (Table 8).

SLR station information The fitting orbit with orbit
model
T

.| Calculation elevation angle from
"| satellite orbit and station coordinates

A

Elevation angle higher than 10°?

Calculate theoretical distance values
and add measurement errors

A 4

Converting range values to laser
flight times

\ 4

BDS-3 SLR data in Obtain CRD format table header
CRD format information

Go to the next arc?

YES

NO

All stations simulated ?

Generate All-arcs simulated
data in CRD format

Figure 12. The simulation process of SLR data based on all-arcs observation.
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6. Conclusions

This paper explored the quality of POD for BDS-3 satellite multi-day arc solutions for
a year starting at the beginning of 2020. It examined how the median RMS is influenced
by the quantity of SLR data and the amount of SLR stations. Moreover, the effects of ran-
dom, systematic, and SRP errors on the BDS-3 satellite’s POD results were examined using
the SLR simulation data with the same observation density. The following are the prelim-
inary conclusions:

Different BDS-3 satellites have an average of 53-69 SLR NPs per week, and the obser-
vation stations are concentrated in the Chinese and European regions. As the orbit arc length
increases, the success efficiency and POD accuracy rise significantly. Compared to WUM pre-
cise orbits, the 9-day median RMS is estimated to be 4.7-8.2, 22.1-35.2, and 27.4-43.8 cm, re-
spectively. This is a satisfactory result. Range measurements to BDS-3 satellites may aid
in monitoring space debris since, for 9-day arc solutions, 20 observation arcs or five sta-
tions may provide an orbit with an accuracy of 1 m, which is enough for dormant naviga-
tion satellites equipped with LRAs. To obtain an orbital accuracy of around 0.5 m, 6-8
stations or 30-35 observation arcs are necessary.

For 9-day orbital arc lengths, the orbit accuracy decreased by 9.3-11.0 cm for every 1
cm of random errors, respectively. For every 10.1-15.0 cm of systematic error per centime-
ter, it impacted orbit accuracy. It is associated with the satellite’s observational density.
The magnitude of SRP influence factors for different agencies’ satellites (CAST and SECM)
differed from 0.6% for C20 and C21 satellites to 2.0-2.1% for C29 and C30 satellites, and
the effect of orbit accuracy was 20.5-45.1 cm.

In summary, SLR can improve precision in this area due to its radial direction sensi-
tivity. The along-track and cross-track directions, however, have significantly lesser accu-
racy. Despite its limits in determining GNSS satellite orbits, SLRs are compelling for sci-
ence projects where orbital accuracy requirements are less demanding. In the future, SLR
ought to be used with other techniques, such as GNSS and DORIS, to capitalize on their
complementing advantages.
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