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Abstract: The precise orbit determination (POD) for BeiDou satellites is usually limited by the
insufficient quantity and poor distribution of ground tracking stations. To cope with this problem,
this study used the GPS and BeiDou joint POD method based on Chinese national continuous
operating reference stations (CNCORS) and IGS/MGEX stations. The results show that the 3D RMS
of the differences of overlapping arcs is better than 22 cm for geostationary orbit (GEO) satellites and
better than 10 cm for inclined geosynchronous orbit (IGSO) and medium earth orbit (MEO) satellites.
The radial RMS is better than 2 cm for all three types of BeiDou satellites. The results of satellite laser
ranging (SLR) residuals show that the RMS of the IGSO and MEO satellites is better than 5 cm, whereas
the GEO satellite has a systematic bias. This study investigates the contributions of CNCORS to the
POD of BeiDou satellites. The results show that after the incorporation of CNCORS, the precision
of overlapping arcs of the GEO, IGSO, and MEO satellites is improved by 15.5%, 57.5%, and 5.3%,
respectively. In accordance with the improvement in the precision of overlapping arcs, the accuracy
of the IGSO and MEO satellites assessed by the SLR is improved by 30.1% and 4.8%, respectively.
The computation results and analysis demonstrate that the inclusion of CNCORS yields the biggest
contribution in the improvement of orbit accuracy for IGSO satellites, when compared to GEO
satellites, while the orbit improvement for MEQ satellites is the lowest due to their global coverage.

Keywords: precise orbit determination; ground tracking stations; BeiDou satellites; Chinese national
continuous operating reference stations

1. Introduction

The regional system construction of the BeiDou navigation satellite system (BDS) was completed
by the end of 2012, accomplishing the second step of the construction task of the “three steps”
strategy. The system has positioning, navigation, timing, and short-message communication service
capabilities covering the Asia—Pacific region. The satellites in orbit include five geostationary orbit
(GEO), five inclined geosynchronous orbit (IGSO), and four medium earth orbit (MEO) satellites.
BeiDou satellites have been continuously launched in recent years, and the BDS, which comprises
35 satellite constellations with global coverage, is targeted for completion by 2020 [1].

A series of studies have been carried out on the precise orbit determination (POD) of BeiDou

satellites. Currently, BeiDou satellite orbits have a 3D precision of about 10-30 cm for IGSO and
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MEO satellites and about 3—4 m for BeiDou GEO satellites based on ground tracking stations [2-16].
As a secondary orbit determination system, on-board GPS-based orbit determination in GEO can
demonstrate a 3D positioning accuracy of about 1 m [17]. Several factors affect the precision of
BeiDou POD, such as satellite orbit dynamic modeling, solar radiation pressure [2,5,6,10,14-16],
albedo and antenna thrust, satellite attitude and maneuver [18-21], and transmitting antenna phase
center modeling [22]. Besides the factors mentioned above, the orbit determination method, as well
as the number and distribution of ground tracking stations, play an important role in BeiDou orbit
determination. In terms of the orbit determination method, Ge et al. [2] analyzed the BDS single-system
independent orbit determination method and found that the precisions of 3D overlapping arcs of GEO
and IGSO satellites reached 3.3 and 0.5 m, respectively. Based on the two-step GPS-assisted BeiDou
orbit determination method, Shi et al. [3] achieved a radial overlap precision at the 0.1 m level for
both BeiDou GEO and IGSO satellites. Liu et al. [8] adopted the BDS/GPS joint orbit determination
method. The 3D overlap precision of the GEO, IGSO, and MEO satellites reached 155, 33, and 28 cm,
respectively, and the radial overlap precision was basically better than 10 cm. Lou et al. [11] studied
the precision differences of the BDS single-system orbit determination method and the GPS-assisted
two-step orbit determination method, as well as the causes of such differences. In terms of the
number and distribution of ground tracking stations, He et al. [9] conducted several experiments on
the impact of expanding the tracking geometry and the addition of MEO satellites on the BeiDou
precise orbit. They concluded that expanding the geometry contributes to improving the BeiDou
orbit’s precision. Using the BeiDou Experimental Tracking Stations (BETS) and the International
GNSS Service (IGS) Multi-GNSS Experiment (MGEX) network stations for BeiDou orbit determination,
Lou et al. [10] obtained an IGSO and MEO satellite orbit precision of 10-20 cm and GEO satellite orbit
precision of several meters, and satellite laser ranging (SLR) residuals were better than 10 cm for
IGSO/MEO and several decimeters for GEO satellites. Zhang et al. [12] analyzed the impact of the
distribution of ground tracking stations on the BeiDou POD by means of satellite position dilution of
precision. The number and distribution of ground tracking stations are important factors influencing
the precision of orbit determination. With the development of the BeiDou constellation, domestic and
international organizations have accelerated the construction of BeiDou stations. In 2011, the MGEX
project of IGS began researching several satellite systems, including the tracking and analysis of BeiDou
signals [23]. At present, more than 100 stations in the MGEX project are able to receive BeiDou signals,
and the distribution of stations has become more reasonable. In China, the National Administration of
Surveying, Mapping and Geoinformation organized the construction of Chinese national continuous
operating reference stations (CNCORS), and 360 stations have been evenly established throughout the
country [24]. Of this number, 210 stations are able to receive data from four global navigation satellite
systems, thereby providing continuous data for BeiDou orbit determination and positioning, as well
as other related studies.

This study aims to obtain the latest results of the BeiDou POD, and investigate the impact of the
CNCORS on BeiDou precise orbits. Firstly, the BeiDou orbit determination method, the observation
model, and the orbit dynamic model are introduced. Then, the accuracy of the BeiDou precise orbit
based on different ground tracking stations is analyzed and compared, providing the results of the
BeiDou precise orbits based on the current CNCORS and MGEX stations. We studied the influence of
the CNCORS on BeiDou POD and the precision difference between the BDS single-system independent
POD and the BDS/GPS joint POD. We also analyzed the orbit determination precision regarding the
different tracking station distributions based on the orbit dilution of precision(ODOP). We compared
the experimental results with the results of previous studies. Finally, the experimental results are
discussed and summarized.

The paper is organized as follows: data collection and processing methods are firstly described in
Section 2. In Section 3, the results of the orbit precision comparison and satellite laser ranging (SLR)
assessment for different strategies are derived. The results of experimental data are analyzed and
discussed in Section 4. Conclusions are given in Section 5.
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2. Materials and Methods

Position And Navigation Data Analyst (PANDA) software [25] is used in this study for the
computation of the BeiDou precise orbit. PANDA is a multifunctional software developed by Wuhan
University that is capable of conducting multi-system precise orbit determination, positioning, and
atmospheric studies. Generally, the BeiDou POD method mainly includes BDS single-system and
BDS/GPS joint orbit determination. The BDS single-system orbit determination solely uses the BeiDou
observation data to solve the BeiDou satellite orbit, satellite clock, tropospheric delay, receiver clock
error, and other parameters. The joint orbit determination method utilizes both GPS and BeiDou
observation data of the ground stations to solve the GPS and BeiDou satellite orbit, satellite clock error,
tropospheric delay, receiver clock error, and inter-system biases in a combination fashion.

The method for satellite orbit determination mainly includes the choice of observation model
parameters, the error correction model, and the satellite dynamic model. Important options of the
considered processing methods for the observation model and for the forces model [11] are listed in
Tables 1 and 2.

Table 1. Observation model and configuration of parameters.

Parameter

Model

Preprocessing
Observation data

Sample rate
Cutoff elevation angle

Weight

Phase windup
Inter-system bias

Phase center model
Tropospheric delay
Satellite and receiver clock
Station coordinates

Automatic edition of single-station data

Undifferenced iono-free code and phase combination of L1/L2 and B1/B2,
higher-order ionospheric delay not considered

300 s

70

Priori precision of 0.01 cycle phase and 0.5 m code. When the elevation angle is >30°,
the weight is 1; otherwise 2 x sin(E)

Considered

Constant parameters estimated using the zero mean datum constraint conditions
igs08.atx

GPT model [26], GMF mapping function [27], 2-hourly wet delay estimation
White noise

Fixed to GPS precise point positioning

ERP Estimate the polar motion X, y components and its rates; fix UT1 and estimate its rate.

Table 2. Satellite force model.

Name Model
Earth Gravity EGM2008 up to 12 x 12
N-body gravitation Sun, moon, and other planets (DE405)
Tides Solid tide, ocean tide, polar tide
Solar radiation pressure ECOM five parameters [28]
Relativity effect IERS Convention 2010
Albedo and antenna thrust model Considered for GPS only

The POD of navigation satellites mainly includes the acquisition of satellite orbit initial conditions,
the orbit integration, the reduction and linearization of observation data, and the formation and
solution of the normal equation. Firstly, the observation data of ground tracking stations are
preprocessed. After the outliers” detection and removal, in addition to the cycle slips” marking,
the LC and PC observations are combined. Orbit integration of the broadcast ephemeris is performed
to obtain the initial orbit solution of the satellite. Then, the parameters are initialized; the observation
equation is formed using the satellite initial orbit, the dynamic model, and the observations.
The unknown parameters in the least square estimation are the initial satellite position and velocity,
solar radiation parameters, satellite clock errors, zenith tropospheric delay corrections, receiver clock
errors, inter-system biases, and ambiguities. Finally, the least squares estimation is used to obtain
corrections of the initial satellite orbit, and the satellite orbit parameters are integrated to obtain
the orbit products. This is an iterative process, which means that orbit integration and parameter
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estimation using the orbit initial conditions are performed iteratively until the satellite orbit accuracy
meets the requirements.

For the current BeiDou regional navigation system, GEO satellites remain in an area with a small
range, whereas IGSO satellites fly within a specific longitude range. The solution of the long arcs
of the BeiDou satellite can be stable. Therefore, unlike the GPS one-day arc orbit determination,
this study uses the three-day arc for BeiDou satellite orbit determination. The computation process
of the three-day solution of the BeiDou satellite orbit is slightly different from that of the one-day
solution. The three-day solution needs to combine the observation data of ground tracking stations
and broadcast ephemeris over three consecutive days, whilst the other computation steps are identical
to those of the one-day solution.

A total of 124 stations were selected for POD to conduct a comprehensive analysis of the
three types of satellite orbits of BeiDou, GEO, IGSO, and MEO. The 124 BDS/GPS stations include
24 CNCORS and 100 MGEX stations. The observation period was from 16 July 2016 to 2 August 2016.

Eight types of GNSS receiver equipment at the 124 ground stations are listed in Table 3. Of this
number, 24 CNCORS stations are equipped with the Trimble NETR9 receiver and the chock-ring
antenna, which are able to receive observation data from both GPS and BDS satellites.

Table 3. Tracking station receiver type and number.

No. Receiver Type Number

1 Trimble NETR9 86

2 Septentrio POLARX4TR 7

3 Septentrio POLARX4 9

4 Septentrio POLARX3/XS 2

5 LEICA GR25 10

6 LEICA GR10 6

7 LEICA GRX1200+ 1

8 JAVAD TRE_G3TH DELTA 3
Sum 124

This study adopts the following four computation strategies to conduct the BeiDou orbit
determination and analyze the influence of ground station distribution and multi-system joint
processing on the accuracy of BeiDou orbit determination. The specific strategies are as follows:

Strategy 1: BDS/GPS joint orbit determination method. The ground station uses observation data
from the 124 stations, including the CNCORS and MGEX stations. The ground station distribution is
shown in Figure 1.

Strategy 2: BDS/GPS joint orbit determination method. The ground station uses data from the
MGEX stations only, which means that the CNCORS stations are excluded.

Strategy 3: BDS Single-system orbit determination method. The ground station distribution is the
same as that in strategy 1.

Strategy 4: BDS Single-system orbit determination method. The ground station distribution is the
same as that in strategy 2.
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Figure 1. Ground traces of BeiDou satellites and tracking stations. Note 1: The red points indicate
the ground stations with BDS/GPS tracking capability. The five yellow points near the equator are
the five BeiDou GEO satellites; Note 2: The PRN of the original C15 satellite was changed to C13 on
11 December 2016. Given that this change was not made when this paper was written, C15 is still used
to represent the PRN of this IGSO satellite. This figure is drawn using GMT software [29].
3. Results

This study uses the following three criteria to assess orbit precision: (1) Overlapping arcs for
internal consistency [2,11]. The precision evaluation of the overlapping arcs is conducted using the
consecutive three-day arc orbit solutions. The orbit of the last day of the first three-day solution and
the orbit of the middle day of the second three-day solution are compared; (2) Comparison with
the GBM multi-GNSS orbit products from the GFZ analysis center [13], which can be download
from the FTP web site (ftp://cddis.gsfc.nasa.gov/pub/gps/products/mgex/); (3) SLR independent
accuracy assessment for external validation [30,31]. SLR retro-reflector offsets for these satellites are
given at (https://ilrs.cddis.eosdis.nasa.gov/missions/satellite_missions/current_missions/cmg1_
com.html) on the ILRS website [31]. The SLR station coordinates are fixed to the a priori SLRF2008.
The station displacement models are applied consistently with the GNSS solutions. The troposphere
delays, relativistic effects, and the offset of the LRAs with respect to the satellites’ centers of mass are
corrected in the SLR observations [30]. The two-step data screening procedures are employed for SLR
processing [30]. A comparison of the four strategies using the above three criteria is shown below to
verify the influence of the ground station distribution and joint orbit determination strategy on the
BeiDou POD.

3.1. Impact of CNCORS on BDS/GPS Joint POD

Strategies 1 and 2 are compared to verify the contribution of Chinese regional stations to the
BDS/GPS joint POD.
3.1.1. Overlapping Arcs Precision

The BeiDou POD is conducted according to strategies 1 and 2 based on the BDS/GPS joint orbit
determination method. The mean RMS values of the overlapping arcs are shown in Table 4 and
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Figure 2. Table 4 and Figure 2 show that when MGEX and CNCORS are used as ground stations,
the precision of the orbit overlapping arcs (3DRMS) is as follows: the average precision of GEO
satellites is 17.2 cm, that of IGSO satellites is 4.9 cm, and that of MEQO satellites is 5.6 cm. The IGSO
satellites have the best internal precision, and the reason for this is that more ground stations exist in
the IGSO satellite coverage area and these evenly distributed stations provide observations for the
IGSO satellite for a long time.

Table 4. Comparison of overlapping arcs precision between strategies 1 and 2 (unit: cm).

Along-Track Cross-Track Radial 3D
Satellite Type PRN

S1 S2 S1 S2 S1 S2 S1 S2
co1 21.6 215 14 15 1.0 1.1 21.7 21.8
C02 20.9 24.5 2.0 2.3 1.6 17 214 24.8
Co3 11.1 16.0 15 22 2.3 2.4 12.2 16.8
GEO Co4 19.2 21.0 1.3 1.4 1.5 1.7 19.6 214
C05 10.4 14.0 2.3 22 1.2 14 11.1 14.4
Mean 16.6 19.4 1.7 1.9 1.5 1.7 17.2 19.8

Co6 3.2 5.2 2.8 3.9 1.6 2.1 4.8 7.0

Co7 3.6 5.8 2.7 44 2.3 2.8 5.8 8.7

Co8 3.0 4.7 2.7 3.8 1.8 2.3 45 6.6

IGSO C09 2.7 6.5 3.1 5.5 1.7 2.7 4.6 8.6
C10 2.8 5.5 2.6 4.3 2.0 3.0 4.5 7.9

C15 3.3 4.6 3.3 41 1.9 2.2 5.2 7.4

Mean 3.1 5.4 2.9 4.3 1.9 2.5 4.9 7.7

cn 41 4.4 2.4 2.0 1.3 13 57 5.1

C12 45 5.7 2.7 2.6 1.7 17 5.7 6.7

MEQ C14 3.3 4.6 2.4 3.1 15 1.6 5.4 5.9
Mean 4.0 4.9 2.5 2.6 1.5 1.5 5.6 5.9

Among the three directions of the orbit, all the radial direction precisions of the three types of
satellites are better than 2.3 cm, the cross-track direction is better than 3.3 cm, and the along-track
direction for IGSO and MEO satellites is better than 4.5 cm. The along-track direction for GEO satellites
is poor, and the mean RMS value reaches 16.6 cm. Thus, it can be seen that the precision of the BeiDou
satellite orbit can reach a high level if the ground stations are evenly distributed. GEO satellites have
a large along-track error due to their stationary nature, and the along-track component of the GEO
satellite orbit is strongly correlated with other parameters.

25 25

Bl s! GEO:172 1GS0:4.9 MEO:5.6
[ S2 GEO:19.8 1GSO:7.7 MEQ:5.9

SI GEO:16.6 1GSO:3.1 MEO:4.0
S2 GEO:19.4 1GSO:5.4 MEO:4.9

=y
«

RMS [cm]
=

RMS [cm]

C01 C02 C03 C04 CO5 C06 CO7 C08 C09 C10 C15 C11 C12 C14
PRN PRN

(@) (b)

C01 C02 C03 C04 C05 C068 C0O7 C08 CO09 C10 C15 C11 C12 C14

Figure 2. Cont.
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Figure 2. Comparison of overlapping arcs precision between strategies 1 and 2. (a) 3DRMS;
(b) Along-track RMS; (c) Cross-track RMS; (d) Radial RMS.

The influence of the CNCORS on the POD of the BeiDou satellite can be obtained according to the
comparison of the orbit determination precision in strategies 1 and 2. Figure 2 shows that the orbit
precision of GEO and IGSO satellites in strategy 1 is better than that in strategy 2. In addition, after
the addition of the CNCORS, the 3D precision of GEO and IGSO satellites increased by 13.1% and
36.4%, respectively. These results show that the CNCORS strongly influence the orbit precision of
these two types of satellites, especially IGSO satellites, because the main coverage regions of the GEO
and IGSO satellites are near the longitude in China. Given that the orbit of the IGSO satellites is close
to the shape of a figure of “8” and the southern hemisphere has many stations, the station distribution
in the whole orbit arc of the IGSO satellites is even, and its precision accordingly experiences the most
improvement after adding the stations. However, MEO satellites operate globally, and after adding the
CNCORS, the precision is improved by only 5.1%. Therefore, the CNCORS exert a limited influence
on the MEO orbit precision.

3.1.2. Comparison with GBM Orbit

BeiDou orbits from strategies 1 and 2 are compared with the GBM products. The results in
Table 5 show that the precision of the overlapping arcs is not the same as the comparison with GBM.
The results in the cross-track direction vary significantly. The average difference of the GEO satellites
exceeds 3 m. The difference of strategy 1 from the GBM products in all three directions is also larger
compared to strategy 2. These results occurred because, similar to strategy 2, the GBM POD adopts
few stations in China; therefore, the difference between the orbit results and strategy 2 is relatively
small. Given the use of more stations, the precision of the POD in strategy 1 should be improved.

Table 5. Comparison with GBM orbit from strategies 1 and 2 (unit: cm).

Along-Track Cross-Track Radial 3D
S1 S2 S1 S2 S1 S2 S1 S2

Co1 217.5 227 287.3 287.8 115 10.8 369.6 376.8
C02 256.7 169.3 3674  366.1 13.8 13.5 455.8  410.1
C03 61.7 108.1 430.3 430.7 22.0 221 4438  456.1

Satellite Type PRN

GEO C04 182.7 122.4 67.6 89.7 34.8 37.1 200.3 172.4
C05 144.1 123.1 351.5 348.9 13.7 14.1 397.6 385.6

mean 172.5 150.0 300.8 304.6 19.2 19.5 373.4 360.2

C06 11.7 8.9 20.4 171 6.4 7.1 24.5 20.0

Cco7 10.7 124 21.7 18.1 10.7 11.2 26.6 24.7

IGSO C08 14.3 12.2 19.6 18.6 7.6 9.8 25.6 239
C09 13.5 15.5 19.3 17.9 59 7.8 24.5 25.3

C10 17.2 20.4 21.0 19.8 8.8 9.2 28.8 32.7
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Table 5. Cont.

Along-Track Cross-Track Radial 3D
Satellite Type PRN

S1 S2 S1 S2 S1 S2 S1 S2
1GSO C15 16.6 12.3 16.3 15.2 5.1 55 24.0 23.1
mean 14.0 13.6 19.7 17.8 7.4 8.4 25.7 25.0
C11 10.2 8.1 5.9 5.5 3.9 3.1 12.4 9.9
MEO C12 10.8 8.5 6.2 59 42 3.7 13.2 11.2
C14 8.3 8.5 9.9 9.2 3.8 44 13.7 11.8
mean 9.8 8.4 7.3 6.9 4.0 3.7 13.1 11.0

3.1.3. SLR Assessment

The results of the SLR assessment are shown in Table 6. The accuracy of IGSO satellites in strategy
1is significantly better than that in strategy 2, with the C08 and C10 satellites improving by 29.2% and
14.5%, respectively. The accuracy of the MEO satellites in strategy 1 is 5.7% higher than that in strategy
2. A comparison of the aforementioned improvement of the overlapping arcs reveals that the SLR test
results are in line with the trend of the overlapping arc precision improvement. For GEO satellites,
the precision of the overlapped arcs in the radial direction is better than 2.3 cm, but the SLR test results
show that a sub-meter level error exists. This outcome is attributed to the even distribution of the
ground stations for GEO satellites, through which the internal precision can reach a relatively high
level. However, the accuracy is lower than that of IGSO and MEO satellites owing to the stationary
orbit of the GEO satellites. We can thus infer that the distribution of ground stations significantly
influences the orbit accuracy. Improving the accuracy of the GEO satellite orbit determination under
certain tracking conditions of ground stations requires further study.

Table 6. SLR assessment between strategies 1 and 2 (unit: cm).

Result  Normal MEAN STD RMS
PRN Points s1 S2 S1 S2 S1 S2
Co1 69 —637  —63.1 17.0 17.7 65.9 65.6
o8 20 1.0 0.4 1.4 24 1.7 24
C10 33 -03 -3.1 53 5.4 53 6.2
C11 65 -1.8 -14 238 32 33 35

3.1.4. Orbit Dilution of Precision Analysis

Based on the positioning dilution of precision (PDOP) theory [32], the orbit dilution of precision
(ODOP) is used to quantitatively analyze the distribution of ground stations to verify the influence of
the CNCORS on the BeiDou POD [12]. Various error corrections are ignored to illustrate the ODOP
computation process; thus, the following is the observation equation [33]:

; 2 ; 2 ; 21172
Ok = [(xk] — Xie)” + (vl = Yie)” + (= — Zige) } + ek 1)

In the equation, py is the distance measurement; t; is the observation epoch; (X, Yir, Zix),
(x/, yi/, zi/) are the position vectors of satellite j and observation station i in the epoch k, respectively;
and gy is the measurement error. The above equation is rewritten as the error equation and linearized
as [34-36]:

Apk = HAX + ¢ 2)
where: 1
[ =Xe wlYa al-Zy } — 7[ L L L
Hy = Ry Ry Ry - Rikj Axil Ay Dz

According to Equation (2), the correction of the satellite position can be solved by using the least
squares adjustment:
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AX = (HTH) 'HTAp; 3)

The following is the orbit determination error of Equation (3) [32]:

o = (03 + 03 +02)* = [r(H"H) )" - @)
ODOP = [tr(H'H) ']? ®)

In Equation (4), 0y is the standard error of unit weight, and tr is the trace of the matrix. ODOP is
closely related to the spatial distribution of the ground stations. Usually, a smaller ODOP value and
standard error of the unit weight yields a higher orbit determination accuracy. Given that the actual
observations cannot reach the theoretical observations, using the theoretical satellite visible arc of the
tracking station to compute the ODOP value is improper. Therefore, this study adopts the following
method to compute the ODOP value: (1) The satellite position of each epoch is computed, such as
x/, ykf ,zi); (2) Whether the station involved in the computation is determined according to the actual
observation of each station in each epoch (i.e., the original observation file). If the satellite is observed
in a certain epoch, then the station is included in the computation of this epoch; if a satellite is observed
by fewer than four stations, then the ODOP value of this epoch is discarded; (3) After obtaining the
ODOP value for each satellite in each epoch, the average ODOP values of the MEO, GEO, and IGSO
satellites are computed.

The ODOP values for different strategies are computed, and the results are shown in Table 7.
The results show that all ODOP values of strategy 1 are smaller than those of strategy 2, and that
the respective average ODOP values of the GEO, IGSO, and MEO satellites are 14.3%, 14.5%, and
5.5% smaller. Therefore, the CNCORS strongly influence the geometry structure of BeiDou GEO and
IGSO satellite orbit determination and only mildly influence the MEO satellites. The results of ODOP
improvements match the improvements in the overlapping arc precision and SLR assessment accuracy
of the BeiDou POD. In addition, the ODOP values of the GEO and IGSO satellites are improved to
almost the same extent, but the accuracy improvement of IGSO satellite orbit determination was
significantly higher than that of the GEO satellites, because IGSO satellites constantly move in the
Asia-Pacific region. Such movement results in more ground tracking stations within the satellites’
coverage, longer observation periods, more redundant observations, and, therefore, a higher orbit
determination accuracy. However, GEO satellites are stationary relative to the Earth, and the relative
observation geometry between the ground stations and a satellite in GEO is poorer. The accuracy of
orbit determination is also low in itself; thus, the improvement of accuracy of orbit determination is
lower than that of IGSO satellites.

Table 7. ODOP comparison of different strategies.

PRN
Strategies Ccol1 Co02 C03 Co04 Co5 Co6 C07 Co08 C09 C10 Ci15 Ci11 C12 Ci4
51/S3 515 447 384 537 452 380 378 395 402 406 421 252 268 281
52/54 652 513 448 600 513 450 449 464 464 472 486 269 281 298

3.2. Impact of CNCORS on BDS Single-System POD

Strategies 3 and 4 are compared to verify the contribution of CNCORS to the BeiDou
single-system POD.

3.2.1. Overlapping Arcs Precision

Table 8 and Figure 3 show that the overlapping arcs precision from Strategy 3,which is based on
the CNCORS and MGEX stations, has 3DRMS of 19.0, 7.6, and 11.0 cm for the GEO, IGSO, and MEO
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satellites, respectively. Among them, IGSO satellites have the highest precision, because more stations
exist within the operation area of IGSO satellites, with stations in China, Southeast Asia, Australia,
and the surrounding areas. These ground stations are evenly distributed in this region and able to
provide a longer observation period for IGSO satellites. Compared with strategy 4, the average 3D
precision of the GEO, IGSO, and MEOQ satellites of strategy 3 is improved by 15.6%, 29.6%, and 5.2%,
respectively. IGSO satellites experience the most improvement, which is consistent with the results of
the joint orbit determination in the previous section.

Table 8. Comparison of overlapping arcs precision between strategies 3 and 4 (unit: cm).

Along-Track Cross-Track Radial 3D
Satellite Type PRN

S3 S4 S3 S4 S3 S4 S3 S4

Co1 20.5 24.8 2.7 3.3 2.8 3.5 21.2 253

C02 18.7 18.9 2.7 3.3 3.1 4.2 19.1 19.7

Co03 14.5 20.4 2.7 35 2.1 25 15.1 21.3

GEO co4 190 195 35 49 41 48 200 211
C05 17.9 24.0 4.5 5.1 4.0 45 19.6 25.2

mean 18.1 21.5 3.2 4.0 3.2 3.9 19.0 22.5

C06 39 5.2 5.4 6.4 3.1 3.8 7.7 9.8

Cco7 4.8 6.8 3.8 6.2 4.5 5.2 79 11.1

Co08 4.6 6.0 4.5 4.9 3.7 4.8 7.6 9.4

IGSO C09 4.3 59 5.1 6.9 3.3 45 7.7 10.6
C10 4.8 9.8 4.0 7.2 3.3 4.2 7.3 13.8

C15 5.1 7.0 4.3 5.8 3.1 3.8 7.6 10.3

mean 4.6 6.8 4.5 6.2 3.5 4.4 7.6 10.8

C11 10.0 9.8 4.3 4.6 3.0 3.2 114 115

C12 10.1 10.0 3.7 4.4 3.4 3.5 11.5 124

MEO Cl4 8.2 8.8 4.3 5.1 2.8 2.7 10.1 10.9
mean 9.4 9.5 4.1 4.7 3.1 3.1 11.0 11.6

For Strategy 3, the average radial RMS of all three types of satellites is better than 3.5 cm, and the
cross-track RMS is better than 4.5 cm. For the along-track direction, the RMS is 4.6 cm for IGSO
satellites, 18.1 cm for GEO satellites, and 9.4 cm for MEO satellites. Therefore, the orbit precision from
the BDS single-system method can be relatively high in cases with more evenly distributed ground
tracking stations. GEO satellites have the worst accuracy in the along-track direction because their
stationary characteristics are related to large orbit errors, and the along-track orbit component of GEO
satellites is strongly correlated with other parameters, such as ambiguities.

25 B 25

Bl 3 GEO:19.0 1GSO:7.6  MEO:11.0 Bl 53 GEO:I8.1 1GSO:4.6 MEO:9.4 1
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20 4 20 4
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Figure 3. Cont.
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Figure 3. Comparison of overlapping arcs precision between strategies 3 and 4. (a) 3DRMS; (b)
Along-track RMS; (c) Cross-track RMS; (d) Radial RMS.

3.2.2. Comparisons with GBM Orbit

Strategies 3 and 4 are compared with the GBM BeiDou orbit products, and the results are shown
in Figure 4 and Table 9. The table shows that the GEO and MEO satellites exhibit a slight difference
when compared to the GBM orbit and present no obvious features. For IGSO satellites, the difference
between the orbit solution from strategy 3 and the GBM orbit is smaller than that between the solution
from strategy 4 and the GBM orbit, because under the single-system BeiDou orbit determination
mode, the accuracy of the IGSO satellite orbit determination in strategy 3 is considerably better than
that in strategy 4 and undergoes the most significant improvement. Such an improvement results in
a larger difference between the orbit solution from strategy 4 and the GBM orbit in terms of IGSO
satellite accuracy.
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Figure 4. Comparison with GBM orbit from strategies 3 and 4.
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Table 9. Comparison with GBM orbit from strategies 3 and 4 (unit:cm).
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Along-Track Cross-Track Radial
Strategy
S3 S4 S3 S4 S3 S4 S3 S4
C01 214.2 2287 2884  290.6 13.1 13.7 368.6 3804
C02 355.7 269.8  386.5  391.8 16.1 15.6 551.3  483.3
Co3 149.9 152.6 4424 4552 38.4 472 477.8 4926
Co4 190.2 1526 1129 1209 37.8 38.1 2289 1947
C05 143.1 1258 363.0 3413 15.8 16.6 407.8 4011
Mean 210.6 185.9 318.6 320.0 24.2 26.2 406.9 390.4
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Table 9. Cont.

Along-Track Cross-Track Radial 3D
Strategy
S3 S4 S3 S4 S3 S4 S3 S4
C06 10.3 12.1 20.4 44.1 6.5 7.2 24.0 23.3
Cco7 10.2 13.1 18.8 222 9.5 12.2 23.5 29.4
Co8 12.8 10.0 19.6 24.7 6.3 7.2 249 27.5
C09 11.9 17.2 21.0 22.0 5.6 7.6 25.0 29.3
C10 14.0 279 18.4 24.8 7.7 8.6 247 39.0
C15 15.9 14.6 15.4 19.6 5.6 5.9 23.1 254
Mean 12.5 15.8 18.9 26.2 6.9 8.1 24.2 29.0
c11 14.5 13.1 7.9 9.7 4.9 4.2 17.3 17.1
C12 16.1 15.6 8.4 10.6 5.2 4.8 19.0 19.6
C14 13.7 14.8 11.2 10.5 4.7 4.7 18.6 19.2
Mean 14.8 14.5 9.1 10.3 4.9 4.6 18.3 18.6

3.2.3. SLR Assessment

The SLR test results of strategies 3 and 4 are shown in Table 10. The table shows that the BeiDou
single-system and BDS/GPS joint orbit determinations present consistent features: the CNCORS
have the greatest impact on IGSO satellites, followed by MEO satellites, and the least impact on

GEO satellites.

Table 10. SLR assessment of strategies 3 and 4 (unit: cm).

Normal MEAN STD RMS
PRN .

Points S3 s4 S3 s4 S3 s4
Co1 69 —651  —645 183 177 676 669
o8 20 0.9 14 46 6.0 46 6.1
C10 33 -31  -94 132 139 134 166
c11 65 07 10 47 5.5 48 5.6

3.3. Comparison between BDS Single-System and Joint POD

To compare the accuracy of BDS single-system orbit determination and BDS/GPS joint orbit
determination, strategies 1 and 3 are compared.

3.3.1. Overlapping Arcs Precision

Table 11 and Figure 5 show that in terms of the average RMS of GEO, IGSO, and MEO satellites,
the precision of strategy 1 is much better than that of strategy 3. A comparison of the 3D precision of
strategies 1 and 3 reveals that the accuracy of GEO satellites improves by 9.5%, whereas the accuracy
of the IGSO and MEO satellites improves by 35.5% and 49.1%, respectively.

Table 11. Comparison of overlapping arcs precision between strategies 1 and 3 (unit: cm).

Precision Along-Track Cross-Track Radial 3D
Type s1 s3 s1 s3 s1 S3 s1 S3
GEO 16.6 18.1 1.7 32 1.5 32 17.2 19.0
IGSO 3.1 4.6 29 4.5 1.9 3.5 49 7.6
MEO 4.0 9.4 25 4.1 1.5 3.1 5.6 11.0

The results show that the BDS/GPS joint orbit determination has the greatest impact on MEO
satellites, followed by IGSO satellites, which can be attributed to the global coverage of MEO satellites.
In the joint orbit determination, the GPS data are used to determine accurate station coordinates,
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receiver clock error, and other parameters. Thus, the precision improvement of MEO satellites is
higher than that of the other types of satellites. GEO satellites are the least affected. Figure 5 shows
that strategy 3 is superior to strategy 1 in terms of the along-track precision of the C01, C02, and C04
satellite. The stationary orbit of GEO satellites results in a small difference between BeiDou and GPS
data for a determination of the parameters, resulting in a lower impact of the joint orbit determination
on GEO satellites.
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Figure 5. Comparison of overlapping arcs precision between strategies 1 and 3. (a) 3DRMS; (b)
Along-track RMS; (c) Cross-track RMS; (d) Radial RMS.

On average, the precision of strategy 1 is 26.2% higher in the along-track direction, 39.8% higher in
the cross-track direction, and 50% higher in the radial direction than strategy 3. However, the statistics
involve GEO satellites. To better illustrate the influence of joint orbit determination on each direction,
we only account for IGSO and MEO satellites. The results show that the along, cross-track, and
radial-track directions were improved by 49.3%, 37.2%, and 48.5%, respectively. This result indicates
that the joint orbit determination has the greatest impact on the radial direction, followed by the
along-track direction, and has the least impact on the cross-track direction, excluding GEO satellites.

3.3.2. Comparison with GBM Orbit

Strategies 1 (Table 5) and 3 (Table 9) are compared with the GBM orbit products, and the results are
shown in Figure 6. The figure shows that the results compared with the GBM orbit are different from
the results of the overlapping arcs precision. Among them, for GEO and MEO satellites, the difference
between strategy 1 and GBM is less than that of strategy 3. On the contrary, for IGSO satellites,
the difference between strategy 1 and the GBM orbit is larger than that of strategy 3.
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Figure 6. Comparison with the GBM orbit from strategies 1 and 3 (unit: cm).

3.3.3. SLR Assessment

The SLR test results of strategies 1 and 3 are compared, and the results are shown in Tables 6
and 10. The tables show that the CO01 satellite, as described in the previous section, has a systematic
error. Strategy 1 is significantly better than strategy 3 in the case of the IGSO and MEO satellites.
The accuracy of C08 and C10 was improved by 63.0% and 60.4%, respectively, and the C11 satellite
was improved by 31.3%. These results are consistent with the radial precision of the overlapping arcs.

4. Discussion

In this study, the BDS/GPS observation data collected by IGS/MGEX and the CNCORS are used
to determine the precision orbit of the BeiDou satellites. The results show that a high-precision BeiDou
satellite orbit can be obtained when the stations are well distributed. In the four strategies of this
paper, the BDS/GPS joint orbit determination based on observation data from 124 stations yields
the highest accuracy. The 3D overlapping arcs precision of the GEO, IGSO, and MEO satellites is
17.2, 4.9, and 5.6 cm, respectively, and the radial precisions are all better than 2.3 cm. Our results
are quite encouraging when compared to those reported by previous studies. In the latest literature,
publication [3] achieved a radial overlap precision at the 0.1 m level for both BeiDou GEO and IGSO
satellites. The 3D overlap precision of the GEO, IGSO, and MEO satellites in literature [8] reached 155,
33, and 28 cm, respectively, and the radial overlapping arcs precision was basically better than 10 cm.
The most precise orbit of IGSO and MEO satellites obtained in literature [12] has an accuracy of 13.2
and 11.9 cm, respectively.

Consistent with previous studies [2,6,10-12], GEO satellites have the worst precision among the
three types of satellites. The main reason for this phenomenon is the much smaller changes of the
observation geometry of the GEO satellites compared to the IGSO and MEO satellites. As a result,
strong correlations occur among the orbital elements, solar radiation pressure parameters, ambiguities,
and ISBs, which resulted in large errors in the along-track direction [6]. However, the precision of the
GEO satellites in the cross-track direction is better than that of the IGSO and MEO satellites. Further
studies are needed to explain this result.

We analyzed the beta angles (the elevation angles of the Sun above the satellite orbital planes)
of BeiDou satellites in the considered period. The results show that the beta angels of all the GEO
satellites are 17-19 degrees. For all the MEO satellites, the absolute value of beta angles is greater than
28 degrees. For IGSO satellites, the absolute values of the beta angle of C06, C08, C09, C15 are greater
than 22 degrees. The beta angle of IGSO C07 ranges from —1.9 to 10.4 degrees, and that of IGSO C10
ranges from —1.5 to 10.9 degrees. It is noted that the absolute value of the beta angle of C07 is less
than 4 degrees most of the time, so that the orbit precision is relatively low [37]. Take the results of the
strategies 1 and 2 as an example, the 3DRMS values of C07 are 18.4% and 13% higher than the average
values of IGSO, respectively.

The lack of ground stations is one of the reasons for the low precision of the BeiDou orbit in
previous studies, especially in the current service regions such as in China. Literature [9,12] show that
the addition of ground stations in proper areas significantly improves the orbit determination accuracy
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of BeiDou satellites. This paper found that the addition of 24 stations in China greatly improved the
accuracy of the BeiDou orbit determination, especially for the IGSO satellites. For the BeiDou/GPS joint
orbit determination method and the single-system BeiDou orbit determination method, the precision
of IGSO satellites is improved by 36.4% and 29.6%, respectively. BDS single-system orbit determination
can achieve an acceptable accuracy, and the 3D overlapping arc precision of the GEO, IGSO, and
MEO satellites is 19.0, 7.6, and 11.0 cm, respectively. However, the accuracy of BDS/GPS joint orbit
determination is higher than that of the BeiDou single-system orbit determination, indicating that
GPS can helps to strengthen the parameter estimation, such as the tropospheric delay and receiver
clock error.

The difference between BDS/GPS joint orbit determination (strategy 1) and BeiDou single-system
orbit determination (strategy 3) was further analyzed. In contrast with other assessment results,
for IGSO satellites, the difference between the orbit solution from strategy 1 and the GBM orbit is larger
than that of the orbit solution from strategy 3. The reason for this is that the GBM orbit adopts the
BDS/GPS joint orbit determination method, which is identical to strategy 1, and the difference is small.
The reason for the different results of the IGSO satellites stems from the addition of the CNCORS in the
orbit determination and the improvement of IGSO orbits. Therefore, the difference between strategy
1 and the GBM orbit is large, and the accuracy of strategy 3 is slightly worse than that of strategy 1,
but less different from the GBM orbit. In other words, the GBM orbit is different from the orbit in
strategies 3 and 1 for different reasons, which are the addition of the CNCORS and the accuracy of
some parameters of BDS/GPS joint orbit determination, respectively.

Improvement of the BeiDou system is still required in terms of refining the satellite solar radiation
model, the phase center correction of satellite antenna, the evenness of ground station distribution, and
other aspects. The recent progress in the field of multi-GNSS precise positioning, including BDS-based
precise positioning, inter-system biases, etc., should also be considered [38-42].

5. Conclusions

The data used in this study are the BDS/GPS observation data collected by IGS/MGEX and the
CNCORS, from July to August in 2016. The BDS/GPS joint and BDS single-system orbit determinations
are used for orbit determination. The accuracy evaluation is conducted by means of overlapping
arcs precision, a comparison with the GBM orbit, and an SLR assessment. The ODOP values of the
different distribution strategies are analyzed. In this paper, the influence of the CNCORS on the
accuracy of BeiDou orbit determination is comprehensively analyzed, and the differences between the
solutions derived from different orbit determination methods are tested and compared. This paper
obtained some useful conclusions through the comprehensive analysis of BeiDou orbit determination,
and the calculation results and analysis conclusions can provide a reference for BeiDou precise orbit
determination in the future. The following conclusions can be drawn from the numerical comparison
and analysis:

(1) The BDS/GPS joint orbit determinations based on observation data from the 124 stations
worldwide yield the highest BeiDou orbit determination accuracies in this paper. The radial overlapping
arc precision is better than 2.3 cm for all three types of BeiDou satellites. The results of satellite laser
ranging (SLR) residuals show that the RMS of the IGSO and MEO satellites is better than 5 cm.

(2) The addition of the CNCORS greatly improves the accuracy of the BeiDou orbit determination.
The analysis of the overlapping arc precision and the SLR assessment results show that the CNCORS
most strongly influence the IGSO satellites, less strongly influence the GEO satellites, and have the
least influence on MEO satellites.

(3) By comparing the BDS single-system orbit determination and the BDS/GPS joint orbit
determination, we found that the joint orbit determination has the biggest influence on MEO satellites.
Among the comparisons of the three orbital directions, the radial direction is improved the most
by joint orbit determination, followed by the along-track direction, and the cross-track direction is
improved the least.
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(4) The ODOP value of the satellite and the ground tracking stations can be adopted to examine the
geometrical configuration. The ODOP value of the different station distribution strategy is generally
consistent with the accuracy of the orbit determination, i.e., a smaller ODOP value yields a higher
orbit accuracy.
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