Chapter 20

GPS/BDS One-Step Combined
Precise Orbit Determination Based
on Double-Differenced Mode

Yao Kong, Baoqi Sun, Xuhai Yang and Xiaozhen Zhang

Abstract In order to improve the precision of BDS precise ephemeris, GPS/BDS
one-step combined precise orbit determination based on double-differenced mode
was testified in this contribution. And double-differenced data was not formed
between GPS and BDS, which eliminates the effect of inter system bias (ISB) on
the precision of BeiDou precise orbit. Not only GPS and BDS orbit parameters are
estimated, earth rotation parameter (ERP) and station coordinates are also
estimated. Data of 114 tracking stations from MGEX are processed. The analysis
shows that: Compared with IGS final orbit, the precision of GPS orbit is 5 cm, the
precision of Xp, Yp, length of day (LOD) is 0.06, 0.10 mas, 21.6 ps. Validating the
BDS orbit using SLR observation shows that the radial precision of BDS IGSO and
MEQO satellites is better than 6 cm, while that of GEO satellite is about 0.37 m.
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20.1 Introduction

Since December 2012, BeiDou Satellite Navigation System (BDS), which is being
developed by China, began to provide official navigation, positioning and timing
service for Asia-Pacific area [1]. In order to monitor the signal of BDS and evaluate
the performance of BDS, many BeiDou tracking networks have been set up,
including BeiDou Experiment Tracking Stations (BETS), international GNSS
Monitoring and Assessment System (iGMAS) and Multi-GNSS Experiment
(MGEX). MGEX was established by International GNSS Service (IGS) in 2012 to
enable an early familiarization with the new signals and systems, such as BeiDou,
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Galileo, and QZSS. At present, more than 100 tracking stations have been set up
around the world.

With the improvement of space segment of BDS and the increasing numbers of
tracking stations, widely research on Precise Orbit Determination (POD) of BeiDou
satellites have been carried out. In 2012, based on data from BETS, Shi, Zhao,
Ge and He carried out POD of BeiDou satellites and the radial precision of 10 cm
was achieved [2-5]. Steigenberger analysed the strategy of POD of BeiDou
satellites with bernese software, which focused on arc lengths and solar radiation
pressure (SRP) parameters [6]. In 2013, Based on data from MGEX and iGMAS,
Zeng did research on GPS/BDS indirect fusion POD, in which double-differenced
data was utilized [7]. Besides, Lou carried out POD of BeiDou with data of MGEX
and BETS and the results show that the ECOM 5 parameter model was best suitable
for it [8]. Due to the limited knowledge on measurement model and force model of
BeiDou satellites, the above all research, whether un-difference mode or double-
difference mode, all use the two-step method. The two-step method can be
described as follows: firstly public parameters, such as receiver error, coordinates,
troposphere delay, are estimated with GPS data using precise product from IGS;
secondly, BeiDou orbit determination was conducted with the above parameter
being fixed. However, little research on GPS/BDS one-step fusion POD has been
done. Based on double-differenced mode, GPS/BDS one-step combined POD was
proposed in this paper. Compare with POD of BDS satellite with Beidou data only,
GPS/BDS combined POD can further improve the precision of Beidou orbit, by
precisely estimating the public system bias. Not only are orbit parameters of BDS
and GPS estimated, but also station coordinates and ERP are estimated. Data from
MGEX was utilized to testify the POD strategy.

The paper is organized as follows. Section 20.2 describes the dataset being used
and the processing strategy of GPS/BDS combined POD in details; Sect. 20.3
analyses the precision of GPS orbit and BDS orbit, including internal consistency
and external validation. Besides, the ERP and coordinate repeatability are also
assessed. Section 20.4 summarizes the results and derives the necessary conclusions.

20.2 Data and Processing
20.2.1 Data

All stations of MGEX are equipped with the Multi-GNSS receivers, which supports
tracking of GPS as well as one of the new BeiDou, Galileo, or QZSS constellations.
Observation files of MGEX are stored in RINEX 3.02 and its sample interval is
30 s. In this paper, observation of 114 stations from MGEX are utilized for data
processing, of which 75 stations can track GPS and BDS constellations simulta-
neously and the other 39 stations can only track GPS constellation. Figure 20.1
illustrated the distribution of 114 MGEX stations being used. From Fig. 20.1, it is
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Fig. 20.1 Tracking station network of MGEX

clearly that there is only one station in china area. The data processed in this paper
covers the period from 1 October 2014 until 31 October 2014.

20.2.2 Processing Strategy

The Bernese GNSS Software is a scientific, high-precision, multi-GNSS data
processing software developed at the Astronomical Institute of the University of
Bern (AIUB). However, the ability of data processing of BeiDou system is lacked
in this software. Thus, a modified version of Bernese GNSS software was devel-
oped, which allows the process of BeiDou data.

The data process comprises of two parts: 1 day solution and 3 day solution. The
dual-frequency data of GPS L1 L2 and BDS B1 B2 are employed and the relative
weight between GPS and BDS data is 1:1. The process flow of 1 day solution is as
follows. Firstly, with zero difference data, receiver clock jumps are detected and
corrected and the code observation are smoothed with phase observation. After data
importing, the receiver clock are synchronizing using zero difference code data and
broadcast ephemeris of GPS and BDS. Then, Single-difference data is formed with
a strategy selecting the baselines with the highest number of common-observations
from all possible baselines. The pre-processing of phase observation, which runs in
a baseline-wise mode, identifies and correct cycle slips using the triple-difference
observations. In the next step, a first ambiguity-float network is computed based on
the ionosphere-free LC of the double-difference observation. If not handled prop-
erly, ISB will bias the final orbit, which is formed when forming double-difference
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Table 20.1 Summary of POD strategy

Measurement model

Description

Basic observables

DDs of ionosphere-free LC of Code
and phase of GPS and BDS

Data sampling rate 300 s

Elevation angle cut-off | 10°

Ionosphere Ionosphere-free LC
Troposphere a prior GMF model

model

Satellite phase centre

Only nominal for BeiDou, igs08.atx for GPS

Station phase centre

PCO and PCV for GPS and BDS assumed the same

Force model

Description

Gravity field model

EGM2006_SMALL (12 x 12)

Third-body

Sun, Moon, Jupiter JPL DE405

SRP model

ECOM 5 model for GPS and BDS;
No a prior model for BDS satellites

Tides and Relativistic
effects

Solid earth tides, ocean tides, pole tides,
IRES convention 2010

Estimated parameters

Description

Station coordinate

One set of coordinate per session

Phase ambiguities

Float solution

Troposphere

Zenith delay correction in interval of 2 h, mapped with GMF; One set
of horizontal gradients per session

Orbit parameters

6 osculating orbital elements plus 5 solar radiation pressure
coefficients(constant in D,Y,X periodic terms in X)

Earth rotation
parameters

X and Y coordinates of Pole, UT1-UTC as piece-wise-linear function
with 2 h spacing

data between GPS and BDS, So, double-difference data was not formed between
systems. Based on this solution, the double-difference data was screened for out-
liers. Besides, bad stations and bad satellites are detected and automatically
excluded from the solution. At last, the 1 day solution was finished and 1 day
normal equation was generated, which including GPS/BDS six orbit element,
ECOM 5 SRP parameters, coordinates, troposphere parameters and ERP. Important
options of 1-day solution about measurement model, force model and parameter-
izations are given in Table 20.1.

The 3 day solution is generated by combining a set of three normal equations
from consecutive 1-day solutions. The 3 day orbits are represented by one set of
osculating elements, SRP parameters and pseudo-stochastic pulses at 12 h intervals.
If satellite modelling problems or maneuver was detected, a 3-day arc is split up at
the boundaries into two or three arcs. What is more, in the 3 day solution the ERP,
which were set up at 2 h intervals in the 1 day solution, were transformed to daily
parameters. When generating the 3 day solution, the ERP and troposphere
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parameters are stacked at the boundary to form a continuous piecewise linear
function over the whole 3-day interval.

20.3 Results and Discussion

In order to test the processing strategy above, not only GPS orbit and BDS orbit are
evaluated, but also ERP and station coordinates are assessed. As far as BDS orbit,
Satellite Laser Ranging (SLR) data was also used to validate the precision of BDS
orbit.

20.3.1 Precision of GPS Orbit

In order to evaluate the precision of GPS orbit, IGS final orbit products were used
as reference, whose precision is 2.5 cm. The monthly average of difference between
IGS orbit and estimated orbit are given in Fig. 20.3. GPS PRN3, PRN13, PRN27
satellites are excluded from the data process because of satellite maneuver or
modelling problems. From Fig. 20.2, it is clearly that the GPS orbit error 3DRMS)
is better that 5 cm (Fig. 20.2).

3DRMS(cm)

124567 8 9101112141516171819202122232425262829303132
GPS PRN

Fig. 20.2 GPS orbit error (compared with IGS final product)
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Fig. 20.3 SLR range residual derived from BDS precise ephemeris for CO1

20.3.2 Precision of BDS Orbit

20.3.2.1 Internal Consistency

As far as internal consistency, three methods including overlap test, Day Boundary
Discontinuities (DBD) and 2 day orbit fit RMS were used. The middle day of the
3 day arc is used for overlap test and computation of the day boundary disconti-
nuities and 2 day fit RMS. The results are given in Table 20.2. The overlap test
results and 2 day orbit fit RMS are monthly averages.

The overlap test results show that: for BDS GEO satellites, the radial error is
better than 5 cm, the along error is on the several decimetres level and the normal
error is better than 10 cm; for IGSO satellites and MEO satellites, the radial error is
superior to 5 cm, the along error is better than 15 cm and that of normal is better

Table 20.2 Internal consistency of BDS precise orbit

Items Overlap difference (cm) DBD (cm) 2 day fit RMS (cm)
R T N

GEO Co1 5.8 30.0 8.8 22.7 6.1
C02 34 60.1 14.0 47.2 7.2
Co03 4.9 36.7 8.3 43.8 5.0
C04 11.1 126.5 9.0 89.6 13.9
CO05 4.5 68.5 13.0 76.5 7.9

IGSO C06 5.7 13.6 12.6 13.1 3.9
Co7 3.7 13.7 9.6 16.2 2.8
C08 39 11.5 8.2 12.8 2.6
C09 4.9 12.5 11.5 14.4 44
C10 3.1 12.1 8.3 14.4 24

MEO Cl1 2.7 8.5 6.3 6.9 3.6
C12 3.0 10.5 5.9 8.1 4.8
Cl4 3.8 10.4 8.2 10.0 8.8
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than 10 cm. It is clearly that the precision of C04 is significantly worse than other
satellite, which may be caused by the poor geometry condition of it.

By computation the DBD values, the DBD of MEO is better than 10 cm, the
DBD of IGSO is about 10 cm and that of GEO is from 20 cm to 90 cm. By analysis
the 2 day fit RMS, it is shown that the fit RMS for IGSO and MEO is better than
5 cm, and that of GEO is also better than 15 cm, which is very surprising. It can also
be found out that: the 2 day fit RMS values are smaller by a factor of 2—10 factors
than the DBD values. The possible reasons are as follows: the DBD values are 3D
position difference of two consecutive orbits at midnights, whereas the 2 day fit
RMS values are some kind of average over 2 days.

Although the MGEX network is getting larger and larger, it is clearly that the
precision of GEO satellites are significant worse than that of IGSO and MEO,
especially in along direction.

20.3.2.2 External Validation

SLR, which is completely independent of microwave measurement, is well suited to
validate GNSS (Global Navigation Satellite System) orbit derived from microwave
measurement. Satellites of BDS are all equipped with laser retro-reflectors arrays.
Since 2012 April, CO1, C08, C10, C11 satellites of BDS are routinely being
observed by the stations coordinated by the International Laser Range Service
(ILRS) [9]. Based on SLR data of October 2014, precise orbit of BeiDou are
validated. The 1 day orbit is the middle day of the 3 day orbit. The Marini-Murray
model is employed for correcting the range measurement for troposphere refraction
and the coordinate of SLR station are fixed to SLRF2008. Outliers in the SLR range
residual larger than 100 cm were excluded. Moreover, outliers are also excluded
with the rule of 3-sigma.

From Fig. 20.3, it can be seen that CO1 satellite was observed by 6 SLR stations.
Four stations, including 1868, 7821, 7237, 7249, are in the northern part of the
globe, while the other two are in the southern part. It is clearly in Fig. 20.3 that the
residual of CO1 is between —50 cm and 15 cm and the average of it is =37 cm and
its standard variation is 7.7 cm. The minus of the average value indicates that the
SLR measurement is less than the distance computed with the coordinates and the
orbit. Compared with CO1, more stations are involved with the tracking of CO8,
C10 and C11 satellites. 9 stations observed the CO8 and C10 satellites and 12 SLR
stations observed the C11 satellites. From Figs. 20.4, 20.5 and 20.6, it is shown that
the residual of these three satellites are between —10 and 10 cm. And the mean
values are —3.5, 1.1 and —1.5 cm and the standard variation is 5.8, 4.8 and 4.8 cm.
Because the SLR residual mainly reflects the radial precision of BeiDou orbit, the
result of SLR validation is in agreement with the RMS value of overlap test. Being
different from BDS IGSO and MEO, the average of residuals of CO1 is much larger,
which needs further investigation.
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Fig. 20.6 SLR range residual derived from BDS precise ephemeris for C11
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Tfi‘lblteln210;3d ]SEtEt};Sthal result Xp (“ as) Yp (“- as) LOD (HS)
oF estimate Mean |RMS |Mean |RMS |Mean |RMS
GPS + BDS 1.8 |58.2 |—=70.2 |100.7 |10.7 |21.6

GPS -14 |633 |—-80.8 [104.1 | 6.7 9.6
Table 20.4 Statistical result Items E (mm) N (mm) U (mm)
of coordinate repeatability RMS 52 o3 112

20.3.3 ERP and Coordinate Repeatability

To assess the quality of ERP parameters, including Xp and Yp and LOD, CODE
final ERP products are used as reference. It contains ERP parameters of 3 days and
time resolution is 12 h. The mean and RMS of three ERP parameters are given in
Table 20.3. The precision of Xp, Yp, and LOD is 0.58, 0.63 mas, 21.6 ps. Besides,
the result of ERP, which is estimated only with GPS data, is also given in
Table 20.3. Compared with GPS single system, the precision of LOD degrades
from 9.6 to 21.6 ps. The reason behind it should be further invested. What is more,
the precision of Yp is worse by 2 factors of that of Xp. This may be caused by the
asymmetry of the tracking station of MGEX.

The coordinate repeatability of solution is an indicator of the coordinate and can
also serve as an indicator for the quality of the orbit parameterization. If the pro-
cessing strategy is not appropriate, the coordinate estimated will be biased, which
will worsen the coordinate repeatabilities. The RMS of the residual of daily
coordinate with respect to the mean solution for the east, north and height com-
ponents are given in Table 20.4. With the processing strategy proposed in this
paper, the repeatabilities in east, north and height component are 5.2, 6.3, 11.2 mm.

20.4 Summary and Conclusion

Based on data of MGEX, combined GPS and BDS for POD of Beidou satellites
were carried out in the contribution, which used the double difference data. And
double difference data was not formed between GPS and BDS data, which elimi-
nate the effect of ISB. The analysis shows that the precision of GPS orbit is about
5 cm (3DRMS), which is better than that of BDS satellite. The precision of BDS
MEQO is better than that of IGSO and GEO satellites and that of GEO is the worst.
SLR check shows that the radial error of BDS IGSO and MEO is about 5 cm and
system bias of 0.37 m exists in the SLR residual of CO1 satellite. Moreover, the
precision of Xp, Yp and LOD is respectively 0.058, 0.10 mas, 21.6 ps. The
coordinate repeatabilities in E, N and U directions are 5.2, 6.3 and 11.2 mm.
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With the increasing numbers of MGEX tracking stations, especially in china, the
orbit precision of BDS satellites can be furtherly improved. Because the solution
obtained in the contribution is just ambiguity-float solution, further research should
be focused on ambiguity resolution.
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