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Abstract
Since 2020, the BeiDou Navigation Satellite System (BDS) has launched new precise point positioning service which 
provides precise correction of GPS and BDS-3 satellites to help users realize real-time precise point positioning, known 
as PPP-B2b service. After being fully operational for more than one year, this contribution comprehensively analyzes the 
performance of PPP-B2b in terms of correction availability, clock and orbit quality and positioning accuracy with PPP-B2b 
messages of nearly 48 weeks from 2021 to 2022. The results show that in the PPP-B2b service, the orbit radial differences 
of BDS-3 MEO, GPS, and BDS-3 IGSO satellites are 0.056 m, 0.069 m, and 0.172 m, respectively, compared to the GFZ 
final orbit, while the difference of along-track and cross-track is more than three times the radial. For BDS-3 MEO satellites 
from different manufacturers, the RMS of Satellite Laser Ranging (SLR) residuals is different, with a maximum of 0.11 m. 
Restricted by the regional tracking network, the correction series of PPP-B2b service are discontinuous, and there are 
constant satellite-specific clock biases in different arcs of the satellite. Thus, the STD and RMS of satellite clock offset and 
signal-in-space ranging error (SISRE) are calculated using the method of weighting by arcs. The STD of SISRE for BDS-3 
MEO, GPS and BDS-3 IGSO are 0.059 m, 0.092 m and 0.174 m, respectively. A total of 108 days of observation data from 
12 MGEX stations of the East Asia region are selected to analyze the positioning performance of PPP-B2b. The results of 
day-by-day static PPP are stable at the centimeter level, while the average convergence time of GPS-only (61.65 min) is 
longer than BDS-3-only (45.12 min), which the constant bias in clock offset may cause. To analyze the effect of this bias, 
the bias is calculated and used as a correction to the PPP-B2b clocks. The convergence time of BDS-3 and GPS positioning 
is reduced by 48.7% and 65.9%, respectively, after correcting this bias, which confirms the influence of clock constant bias 
on positioning convergence.
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Introduction

Precise point positioning (PPP) is a technology that can 
achieve centimeter-level positioning accuracy with only 
one receiver (Malys and Jensen 1990; Zumberge et  al. 
1997). Precise orbit and clock offset of GNSS satellites are 
essential to the realization of PPP. To response the rapidly 
growing demand of real-time precise positioning, since 
2013, the International GNSS Service (IGS) has launched 
real-time service (IGS-RTS) to broadcast real-time orbit 
and clock in Radio Technical Commission for Maritime 
Services (RTCM) protocol over Internet network (Monten-
bruck et al. 2017). Initially, IGS-RTS only provided real-
time service for GPS and GLONASS, and early evaluations 
showed orbits and clocks are of centimeter-level accuracy for 
GPS and decimeter level for GLONASS (Hadas and Bosy 
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2014). With the development of the Global Navigation Satel-
lite System (GNSS), IGS Analysis Centers (ACs), such as 
D’Etudes Spatiales (CNES), German Research Centre of 
Geosciences (GFZ), WuHan Unversity (WHU), and Center 
for Orbit Determination in Europe (CODE), have succes-
sively provided multi-system real-time services. Kazmierski 
et al. (2020) assessed the quality of CNES real-time prod-
ucts, with most satellites having an availability of more than 
90% for GPS, Galileo, GLONASS and BDS, and overall the 
signal-in-space ranging error (SISRE) of all satellite systems 
being in the centimeter level, and users can obtain real-time 
positioning results at decimeter level using the service (Nie 
et al. 2019). Zhang et al. (2018) compared the real-time ser-
vice performance of different ACs, and the results showed 
that the difference of GPS orbit and clock offset of different 
RTS services was at the centimeter level. Guo et al. (2022) 
demonstrated that the product quality of different analysis 
centers is comparable by real-time PPP time transfer results. 
However, for users with limited land-based communication 
supports or even out of reach of the network coverage, it may 
not be feasible for users to receive real-time GNSS orbit and 
clock corrections (Nie et al. 2020). Currently, some com-
mercial companies offer satellite-based PPP services with a 
centimeter or decimeter-level positioning accuracy via satel-
lite communications, but users have to pay for specialized 
receivers and usage costs (Leandro et al. 2011; Dai et al. 
2016). In addition to the commercial services, some GNSS 
recently provide open satellite-based PPP services, such as 
Centimeter Level Augmentation Service (CLAS) of QZSS 
and Hight Accuracy Service (HAS) of Galileo, which greatly 
expanded the development and application of satellite-based 
PPP (Borio et al. 2020).

On July 31, 2020, the full constellation of the BDS-3 
system was completed and provided global services. Among 
seven major services provided by BDS-3, the precise point 
positioning service (PPP-B2b) broadcasts the orbit and clock 
correction to China and its surrounding areas (75°E–135°E, 
10°N–55°N) through the B2b signals of three GEO satel-
lites, which is an alternative to realize precise positioning 
without additional network communication and cost (CSNO 
2021a, b). Liu et al. (2020) described the signal design and 
implementation of PPP-B2b. Lu et al. (2021) used a soft-
ware-defined receiver to decode and analyze the PPP-B2b 
correction and demonstrated the availability of the PPP-
B2b in the service area. With the correction broadcast by 
PPP-B2b, the satellite clock accuracy can be significantly 
improved by about 85.1% (Xu et al. 2021). Preliminary posi-
tioning assessments show that PPP-B2b has better satellite 
availability in the service coverage compared to real-time 
products of CNES and WHU. (Tao et al. 2021; Liu et al. 
2022). At present, PPP-B2b only provides the positioning 
correction for BDS-3 and GPS, and different strategies are 
adopted for two systems for estimating orbit and clock offset 

(Tang et al. 2022), leading to the difference of positioning 
capability (Ren et al. 2021; Zhang et al. 2022). The study 
by Tao et al. (2021) found that there was a satellite-related 
constant bias in the PPP-B2b clock offset, and the bias of 
GPS was larger than that of BDS-3, resulting in a position-
ing convergence time of GPS being longer than BDS-3. At 
the time of the above research, the PPP-B2b had just been 
launched for a limited period, and long-term analysis was 
not feasible. Nowadays, the PPP-B2b has been in service for 
more than one year, allowing us to analyze the performance 
of PPP-B2b with a long-term perspective and elaborate on 
some characteristics in detail.

The first part briefly introduces the evaluation methods 
of orbit and clock offset adopted in this contribution. In the 
second part, with the collection of PPP-B2b correction for 
nearly one year, the accuracy analysis of orbit, clock offset 
and SISRE of PPP-B2b service is carried out. Then the posi-
tioning experiment is carried out to analyze the positioning 
performance using more than 100 days of observations from 
12 MGEX stations. Finally, the effect of the constant bias of 
the clock offset on the positioning results is analyzed, and 
some conclusions are summarized.

Methodology

At present, PPP-B2b messages contain four types of cor-
rection: the satellite mask, orbit correction, clock correc-
tion, and differential code bias (DCB) correction. And the 
correction refers to the CNAV1 navigation messages on the 
B1C signal of BDS-3 and LNAV navigation messages for 
GPS, respectively (CSNO 2020a, b). The BeiDou Naviga-
tion Satellite System Time (BDT) and the BeiDou Coordi-
nate System (BDCS) are adopted as a time reference and 
coordinate reference, respectively. This section focuses on 
the evaluation method of the corrected PPP-B2b orbit and 
clock offset.

Orbit assessment method

The post-processing product generated by GFZ is used as 
a reference to assess the quality of the PPP-B2b orbit, and 
the difference in the reference frame of the two products is 
ignored. Note that the GFZ orbit takes the satellite center-
of-mass (CoM) as the reference, while the PPP-B2b service 
orbit takes the antenna phase center (APC) as the reference 
point. Before comparison, the antenna phase center offset 
(PCO) should be corrected to convert the PPP-B2b reference 
point to the satellite CoM. The difference vector of satellite 
orbit in radial, along-track and cross-track directions can be 
calculated as follows:
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where XGFZ is the satellite position vector from GFZ, XB2b 
is the PPP-B2b orbit vector, and VPCOsys

 is the PCO correc-
tion vector. Equations (2) and (3) are used to calculate the 
PCO correction for GPS and BDS-3, respectively. VL1

 and 
VL

�
 are the PCO correction vector of L1 and L2 for GPS. VB3

 
is the PCO correction vector of B3 for BDS. R2 is the trans-
formation matrix from Earth-Center-Earth-Fixed (ECEF) 
frame to the RAC directions of the orbit. R1 is the satellite 
attitude matrix. They can be represented by the following 
unit vector R1 = [ ex ey ez ]

T,R2 = [ eR eA eC ]T , where ex , 
ey , ez are the unit vectors of X,Y, Z axes of the satellite-body 
frames in ECEF and eR , eA , eC are the unit vectors of RAC 
in ECEF, where ez = eR . Therefore, the PCO correction has 
the following effects on the final orbit comparison results:

If incorrect PCO correction information is used, the devia-
tion of the satellite-body frames on the Z-axis will cause a 
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constant influence on the radial direction of the orbit. We 
use the antenna phase model published by IGS correction 
file to correct GPS, and the PCO model published by China 
Satellite Navigation Office (CSNO) is used to correct BDS 
(Tang et al. 2022).

It should be noted that it is not always proper to update 
the GPS PCO values according to the satellite switch 
logged in IGS Antex file. For example, according to the 
antenna correction file igs14_2223.atx, the satellite type 
and antenna models of G14, G22, and G23 were changed 
in July 2020. However, after applying the PCO model 
according to the valid time logged in igs14_2223.atx (set 
as strategy 1) for evaluation, there is a systematic bias 
in the radial orbit of the three satellites; the systematic 
bias is significantly reduced when the satellite PCO model 
is assigned to the same PRNs before July 2020 (set as 
strategy 2) is used. Figure 1 shows the result of the radial 
comparison between the PPP-B2b orbit and GFZ orbit 
from day-of-year (DOY) 7 to 17 in 2022, and the upper 
and lower parts are the comparison results of strategy 1 
and strategy 2, respectively. It can be seen that there are 
decimeter to meter level radial systematic deviations for 
G14 and G23 satellites using strategy 1. Table 1 lists the 
correction differences for the two strategies. The difference 
of the PCO corrections in the U direction (Z-axis direction 
of the satellite-based system) of G14, G22 and G23 satel-
lites are 0.69 m, 0.45 m and 1.23 m, respectively, between 
the two strategies, which is basically consistent with the 
magnitude of the systematic bias in radial. Therefore, strat-
egy 2 is adopted to correct the PCO of GPS for the orbit 
evaluation in this contribution.

Fig. 1  GPS satellite radial orbit 
error for the two PCO models, 
the top and bottom parts are 
the results for strategy 1 and 
strategy 2, respectively
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Clock offset assessment method

In order to set an absolute time reference in clock estima-
tion, it is necessary to fix a receiver or satellite clock as 
the reference clock, which can cause a common bias for 
all clock offset. Meanwhile, due to the correlation between 
the ambiguity parameter and the clock offset in the carrier 
phase observations, pseudorange observations are needed 
to provide the absolute time reference, resulting in a satel-
lite-specific bias in clock estimation for each satellite after 
the convergence of the ambiguity. Therefore, the clock 
offset can be expressed as follows (Guo et al. 2022):

where t0 is the bias due to the selection of the clock refer-
ence, which is identical for all satellites in the same epoch, tsi

0
 

is satellite-specific bias, and �tsi is the high-precision relative 
clock offset determined from the carrier phase observations.

When comparing products t̂sia  and t̂si
b
 , the reference sat-

ellite is first selected to eliminate t0 from the respective 
products by single-difference (SD) processing, and then 
the SD series of the different products are differenced from 
each other to obtain the double-difference (DD) series, 
which is used to evaluate the accuracy of the clock offset. 
The average clock offsets of the n visible satellites in the 
ephemeris are used as the reference clock to ensure the 
accuracy of the reference clock so that the DD clock series 
can be expressed as:

for the PPP-B2b service, the differences in the satellites 
available for each epoch lead to differences in 1
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different epochs, which can cause jumps in the DD series. 
The following equation is used as a constraint (Yao et al. 
2017).
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where M is the number of common satellites in the adjacent 
epoch, and the above equation is used to constrain the DD 
series on an epoch-by-epoch basis so that all epochs are uni-
fied with the first epoch.

The bias caused by the inconsistent reference signals of 
different products should also be eliminated. The reference 
signals of PPP-B2b for GPS and BDS-3 are L1/L2 IF com-
bination and B3I, respectively, and the reference signals of 
GFZ products for the two systems are L1/L2 IF combination 
and B1/B3 IF combination. Before the comparison, the fol-
lowing equation was used to correct:

where t̂si
IFB1B3

 is the corrected clock offset, f1 = 1561.098MHz 
and f3 = 1268.52MHz are the B1 and B3 signal frequencies, 
respectively, and DCBsj

B1B3
 is the satellite DCB correction.

Experiment and results analysis

The PPP-B2b messages collected by an experimental 
receiver from DOY 121 of 2021 to DOY 121 of 2022 are 
used for analysis in this contribution. During this period, 
some B2b messages are not collected for receiver relocation 
or software update.

Data availability analysis

Due to the characteristics of regional service, the PPP-B2b 
only has the correction of satellites visible around China. 
The availability of the corrections of PPP-B2b significantly 
influences the positioning performance. Figure 2 depicts 
the availability of the PPP-B2b from DOY 121 of 2021 to 
DOY 121 of 2022, in which there are B2b messages dis-
continuities due to receiver reasons from DOY 186–205, 
DOY 216–219, DOY 241–249 of 2021 and DOY 35–37 of 
2022. The satellite availability ratio is derived by dividing 
the available time by the total time and is shown in Fig. 3. 
The G05 and G28 satellites do not have corrections after 
DOY 185 of 2021, which results in the availability below 5% 
in the experimental period. The availability ratio of the GPS 
and BDS-3 MEO satellites does not exceed 50%, except for 
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Table 1  PCO correction values 
for three satellites under two 
strategies

PRN Strategy 1 Strategy 2

N (mm) E (mm) U (mm) N (mm) E (mm) U (mm)

G14 4.9  − 21.0 1991.9  − 2.5  − 1.7 1304.5
G22  − 2.5  − 1.7 1304.5  − 2.2 2.2 850.6
G23 4.9  − 21.0 1991.9 15.4 6.8 766.1
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three BDS-3 IGSO satellites which are above 65%. However, 
it is still possible to guarantee the availability of more than 
7 GPS satellites and more than 8 BDS-3 satellites at any 
one time.

Orbit assessment

By comparing the orbit of PPP-B2b and GFZ final product, 
Figs. 4, 5, and 6 show the orbit difference CDF (Cumulative 
Distribution Function) of BDS-3 MEO, GPS and BDS-3 
IGSO satellites in radial, along-track, and cross-track direc-
tions, respectively. It can be seen that there are two trends in 
the radial CDF curve of the BDS-3 MEO satellite displayed 
in Fig. 4. The 90th-percentile of radial difference is 0.07 m 

and 0.12 m for satellites manufactured by China Aerospace 
Science and Technology Corporation (CAST) (except C45 
and C46) and Shanghai Engineering Center for Microsatel-
lites (SECM), respectively. This may be due to the quality 
of PCO calibrations provided by different manufacturers 
(Zajdel et al. 2022). Moreover, the 90th-percentile of radial 
difference is 0.12 m and 0.29 m for GPS and BDS-3 IGSO 
satellites, respectively.

In order to further assess the orbital quality of SECM 
and CAST satellites in PPP-B2b service, Satellite Laser 
Ranging (SLR) observations provided by the International 
Laser Ranging Service (ILRS) are used in this paper for 
ephemeris quality check. And the elimination threshold 
of SLR residuals is set to 1,000 mm. Figure 7 shows SLR 

Fig. 2  Time distribution of 
available satellites for PPP-B2b 
service in the experimental 
period

Fig. 3  Satellite availability dur-
ing the experimental period



 GPS Solutions (2023) 27:69

1 3

69 Page 6 of 18

residuals of C20 (beidou3m2, C202), C21 (beidou3m3, 
C206), C29 (beidou3m9, C207) and C30 (beidou3m10, 
C208), in which the mean, STD, RMS, number of SLR 
data and number of eliminated anomalies are all shown 
in the figure. It can be seen that the RMS of C20 and C21 
is smaller than that of C29 and C30, and the mean for 

the two types of satellites are opposite, which confirms 
the differences between different manufacturers (Sośnica 
et al. 2020).

Figure 8 shows the average orbit differences of the 
radial, along-track and cross-track directions of the 
BDS-3 satellite and the GPS satellite. Moreover, the orbit 

Fig. 4  BDS-3 MEO satellites 
orbit differences CDF of radial, 
along-track and cross-track 
directions. The solid lines repre-
sent the CAST satellites and the 
dotted lines represent the SECM 
satellites

Fig. 5  GPS satellites orbit dif-
ferences CDF of radial, along-
track and cross-track directions
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differences of different satellites with the same type are 
similar. The root mean square (RMS) of orbit differences 
for BDS-3 MEO satellites are within 0.078 m, 0.325 m and 
0.356 m in radial, along-track and cross-track directions, 

respectively, and within 0.086 m, 0.459 m and 0.362 m for 
GPS satellites. The cross-track error is smaller than the 
along-track error for the GPS satellites, while the opposite 
is true for the BDS-3 satellites. This may be due to the 

Fig. 6  BDS-3 IGSO satellites 
orbit differences CDF of radial, 
along-track and cross-track 
directions

Fig. 7  SLR residuals of C20, 
C21, C29 and C30 from DOY 
121 in 2021 to DOY 121 in 
2022
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influence of the observation value of BDS-3 Inter-Satellite 
Link (ISL) (Tang et al. 2018). Compared with GPS, the 
ISL measurements of BDS-3 have more contribution for 
the along-track component of orbit, which reduces the 
along-track error.

Clock accuracy assessment

To evaluate the accuracy of clock offset, the standard devia-
tion (STD) of the DD series was calculated day-by-day and 
analyzed. Figure 9 shows a partial DD series of DOY 360 
in 2021, for which two consecutive arcs exist for each of 
the four satellites. Although the DD series can be aligned 
with the above method, there are still jumps in different arcs, 
probably due to the influence of the accuracy of the pseu-
dorange observations at the beginning of each arc segment, 
resulting in different arc segments tsi

0
.

Table 2 lists the RMS and STD of the two arcs of the DD 
series of the four satellites. The arc length weights the results 
of the two arcs to obtain the average value. It can be found 
that the DD series of the four satellites on that day is rela-
tively stable within each arc, and the STD is within 0.2 ns. 
However, the RMS is larger than STD and differs between 
different arcs, meaning that there is constant bias in the 
clock offset that varies with the arc. Despite this phenom-
enon, the constant bias in the clock offset will be absorbed 
by the ambiguity parameter and therefore have no effect on 

Fig. 8  RMS of the average orbit 
difference in radial, along-
track and cross-track directions 
of each satellite in PPP-B2b 
service, and the upper and lower 
parts represent GPS and BDS-3, 
respectively

Fig. 9  DD series of C20, C39, G03 and G21 satellites on DOY 360 
in 2021

Table 2  STD and RMS of 
DD series of each arc of four 
satellites

PRN Segment1 Segment2 Mean

RMS (ns) STD (ns) RMS (ns) STD (ns) RMS (ns) STD (ns)

C20 1.71 0.03 3.01 0.07 2.43 0.05
C39 1.13 0.15 0.46 0.13 0.95 0.14
G03 3.73 0.08 5.43 0.14 4.59 0.12
G21 6.97 0.08 10.68 0.20 9.26 0.15
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the positioning result of PPP. Therefore, it is reasonable to 
calculate the STD of each satellite arc separately and weight 
the average to reflect the accuracy of the clock offset.

Figures 10 and 11 show the CDF of the daily clock offset 
STD for GPS and BDS-3 satellites. It can be seen that the 
CDF curves for the BD3-3 IGSO satellites (C38, C39 and 
C40) differ significantly from the MEO satellites, and the 
clock accuracy is significantly lower than that of the MEO 
satellites. For the BDS-3 MEO satellites, satellite C35 has 
the smallest CDF value, with the 95th percentile of STD 
being 0.38 ns. For GPS, the CDF curve of satellite G05 is 
stepped due to the shorter available time. Except for satellite 
G05, satellite G23 has the smallest CDF value, with the 95th 
percentile of STD being 0.5 ns.

Figure  12 shows the average STD and RMS of the 
clock DD series for each satellite during the experimental 
period. The STD of GPS clock offsets is within 0.25 ns for 

all satellites except G05 and G28, with an average STD 
of 0.20 ns, and the STD of BDS-3 MEO clock offset is 
within 0.2 ns, with an average STD of 0.16 ns. Although 
the RMS is the result of averaging across satellite arcs, it 
can be seen that the large constant bias in the PPP-B2b 
product results in a nanosecond-level RMS for the DD 
series, which is significantly higher than STD. Although 
this does not affect the final PPP positioning accuracy, it 
can significantly affect the PPP convergence time and the 
impact of this bias will be discussed later.

SISRE assessment

Montenbruck et al. (2014, 2018) provided the calculation of 
SISRE. For PPP-B2b, the evaluation method of weighting 
by arc length is used to calculate the STD and RMS values 
of the SISRE. The top and bottom panels of Fig. 13 show 

Fig. 10  CDF of BDS-3 satel-
lite clock offset STD. The 
solid lines represent the MEO 
satellites and the dotted lines 
represent IGSO satellites

Fig. 11  CDF of GPS satellite 
clock offset STD
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the daily SISRE STD statistics for the GPS and BDS-3 sat-
ellites during the experimental period. The STD of SISRE 
for BDS-3 IGSO satellites is significantly larger than that of 
MEO satellites, with the median STD of C38 approaching 
0.2 m. The median STD of SISRE for the GPS satellites is 
close to 0.1 m, while the maximum daily average STD is up 
to 0.27 m for satellite G23. The median STD of the daily 
SISRE series for BDS-3 MEO satellites is within 0.1 m, with 
the maximum daily average STD within 0.2 m.

Table 3 shows the average STD and RMS of SISRE for 
different types of satellites. It can be seen that the average 
SISRE STD for the BDS-3 IGSO satellites exceeds 0.1 m, 
while the average STD for the BDS-3 MEO and GPS satel-
lites is within 0.1 m. The RMS of the GPS, BDS-3 MEO 
and BDS-3 IGSO satellites can reach 1.025 m, 0.652 m and 
1.041 m, respectively, due to the effect of the constant bias 
in the clock offset.

Fig. 12  RMS and STD of each 
satellite in PPP-B2b, and the 
upper and lower parts represent 
STD and RMS, respectively. 
Different types of clocks are 
represented with different colors

Fig. 13  STD statistics of SISRE 
for different satellites in PPP-
B2b, the upper and lower parts 
represent GPS and BDS-3, 
respectively
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PPP experiment

To assess the positioning capability of the PPP-B2b ser-
vice, a total of 108 days of observations from eleven MGEX 
stations are selected for the PPP experiment. The station 
distribution is shown in Fig. 14, and the experiment ses-
sion is DOY 335 of 2021 to DOY 80 of 2022 (of which the 
PPP-B2b message is not recorded on DOY 6 of 2022). The 
detailed PPP strategy is shown in Table 4.

Figures 15 and 16 show the comparison results of static 
PPP and IGS weekly solutions of JFNG and ULAB stations 
during the experimental period with three strategies (GPS-
only, BDS-3-only and GPS + BDS-3). The north, east and up 
(NEU) directions are shown in red, green and blue curves, 
respectively. And the number of available satellites is also 
shown in the figure. For station JFNG, the STD of daily 
positioning results are within 0.012 m, 0.028 m and 0.05 m 
in N, E and U directions for the three strategies, respectively, 
which instructions the positioning results of PPP-B2b are 
relatively stable during the experimental period. Further-
more, the average number of available satellites of BDS-3 
is significantly more than that of GPS. It is worth noting 
that since the DOY 55 in 2022, the positioning results of the 
three stations have improved in the east direction, especially 
BDS-3, which may be related to the change of PPP-B2b 

clock estimation strategy, and the specific reasons need fur-
ther analysis.

Figure 17 shows the average positioning accuracy of 
12 MGEX stations for 108 days, and the convergence time 
is defined as the positioning accuracy under 0.1 m in the 
horizontal direction and 0.2 m in the elevation direction. 
It can be found that the positioning results of the stations 
are related to the distribution of the stations. Station POL2, 
KITG, JDPR, IISC and LCK3 are farther from the center 
of the PPP-B2b service range, and the positioning accuracy 
and convergence speed are lower than other stations. For 
BDS-3, the average RMS of the positioning results of these 
five stations are 0.028 m,0.052 m and 0.064 m in N, E, and 
U directions, respectively, and the average convergence time 
is 54.21 min, which is longer than the average level.

Table 5 lists the average positioning accuracy and the 
convergence time of stations in the core service area (Xu 
et  al. 2021). The positioning accuracy of GPS-only is 
0.025 m, 0.032 m and 0.041 m for north, east and up com-
ponents, respectively, which is close to that of the IGS RTS 
service (Hadas et al. 2019). The average convergence time of 
GPS-only is 50.86 min which is longer than that of BDS-3, 
probably due to the large constant bias in the clock offset of 
GPS. The best PPP performance is the GPS + BDS-3 mode 
with a convergence time of 24.06 min, which improves the 
convergence time by 35.9% compared to BDS-3-only.

In the static mode, since the position coordinates are 
treated as constant estimates, some errors have little effect 
on the position estimation after convergence. The station 
JFNG, which has better static PPP positioning results, is 
selected for the kinematic PPP experiment. Figure 18 shows 
the results of the GPS-only, BDS-3-only and GPS + BDS-3 
kinematic PPP on DOY 78 of 2022, with the all-day RMS 
in the three directions marked with red, blue and green 
curves, respectively. It can be seen that the GPS-only error 

Table 3  Average RMS and STD of three types of satellites SISRE 
and SISRE-orbit

System SISRE-orbit SISRE

STD (m) RMS (m) STD (m) RMS (m)

GPS 0.048 0.106 0.092 1.025
BDS-3 MEO 0.038 0.088 0.059 0.652
BDS-3 IGSO 0.100 0.191 0.174 1.041

Fig. 14  Distribution of experimental stations

Table 4  PPP solution strategy

Item Strategy

Orbit/clock offset CNAV1 + PPP-B2b (BDS-3)
LNAV + PPP-B2b (GPS)

Observation BDS-3: B1/B3 IF combination
GPS: L1/L2 IF combination

Observation weight Code: phase = 1:10,000
Elevation cutoff angle 7°
Ionospheric delay The first-order ionospheric delay is elimi-

nated by IF combination
Tropospheric delay Saastamoinen model + random-walk process
Receiver clock Estimated as white noise for each epoch
Inter-System Biases Estimated as white noise for each epoch
Ambiguity Estimated as constant within each arc seg-

ment
Estimation Kalman filter
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series is significantly larger than that of BDS-3-only and 
BDS-3 + GPS, especially from 6:00 to 8:00, probably due 
to the smaller number of available satellites of GPS at this 
time. The whole day RMS in N, E and U directions could 
reach 0.078 m, 0.125 m and 0.392 m, respectively, which 
was significantly higher than that of BDS-3. A similar con-
clusion can also be drawn from other stations.

Effect of constant satellite‑specific clock bias on PPP

Compared to other real-time products, the larger RMS value 
in the PPP-B2b clock offset means that the constant bias has 
a more serious impact on PPP, and it is necessary to analyze 
its impact on the convergence of PPP.

In PPP calculation, since the satellite orbit and clock off-
set are fixed as known, the constant bias in the clock product 

Fig. 15  108-day time series of 
GPS and BDS-3 single system 
static PPP results of JFNG. The 
upper, middle and lower parts 
of the figure are the results of 
BDS-3-only, GPS-only and 
BDS-3 + GPS, respectively

Fig. 16  108-day time series of 
GPS and BDS-3 single system 
static PPP results of ULAB. 
The upper, middle and lower 
parts of the figure are the results 
of BDS-3-only, GPS-only and 
BDS-3 + GPS, respectively
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will be absorbed by the pseudorange residual. Therefore, 
independent parameters related to satellites are added to 
the pseudorange observation equation to solve the constant 
deviation. It should be noted that there is a pseudorange bias 
term related to both receivers and satellites in the pseudor-
ange observation (Gong et al. 2018), and this bias and the 
clock offset constant bias are combined into the parameter 
Cs
r
 (Chen et al. 2022).

where Cs
r
 is the parameter associated with the station and the 

satellite. �s
r
 is the geometric distance between receiver and 

satellite. dtr and dts are the receiver and satellite clock offset. 
�TROP is tropospheric delay which can be corrected by model. 
In addition, the following equation is used to separate the 
highly correlated dtr and Cs

r
,

In order to obtain the constant bias in clock offset, the effect 
of receiver pseudorange bias needs to be eliminated. IGS 
post-processing products are used to solve the pseudorange 
bias through (9) (Zhang et al. 2021), and the PPP-B2b clock 
offset constant bias can be obtained through the following 
equation:

where Cs
B2b

 and Cs
GFZ

 are derived with (9) with PPP-B2b and 
GFZ final products, respectively.

Since the constant bias in PPP-B2b service is different 
between different arcs, the bias of different satellite arc 
needs to be re-estimated. Figure 19 shows the results of the 
BDS-3 satellite constant bias on DOY 325 of 2021. The bias 
of some satellites can reach 4 ns, and the STD within the 
same satellite arc is relatively stable, within 0.3 ns.

In order to analyze the impact of clock constant bias, the 
bias was used as the correction to the clock, and the posi-
tioning accuracy was analyzed again. Figure 20 shows the 
positioning result of station JFNG on DOY 325 of 2021, 
which is re-initialized every 4 h. The RMS and convergence 
time of the PPP results for two systems in N, E, U directions 
within 4 h are counted, and the average value of the results 
is listed in Table 6. Although the constant bias does not 
affect the final positioning results, it significantly impacts 
the positioning results during the convergence phase and 
the convergence time. For GPS, the RMS of the three direc-
tions after correction decreases by 65.7%, 72.0% and 71.0%, 
respectively, and the convergence time decreases by 48.7%. 
For BDS-3, the RMS of the three directions was reduced by 
42.6%, 47.9% and 38.6%, respectively, and the convergence 
time was reduced by 65.9%.

Figure 21 shows the pseudorange residuals of some satel-
lites during the convergence phase. It can be seen that the 
distribution of pseudorange residuals of the two systems is 
more concentrated after correcting the bias. According to 
statistics, the RMS of pseudorange residuals of GPS with 
and without correction are 1.221 m and 2.332 m, respec-
tively, and 1.053 m and 1.225 m for BDS-3. Although this 
correction is not feasible for real-time usage and only act 

(9)Ps
r,IF

= �s
r
+ dtr − dts + Cs

r
+ �TROP + �PIF

(10)
m∑

i=1

Csi
r
= 0

(11)Cs=Cs
B2b

− Cs
GFZ

Fig. 17  Static PPP statistical results of different stations. The posi-
tioning accuracy in N, E, and U directions and convergence time are 
shown from top to bottom

Table 5  Positioning accuracy and convergence time of stations in the 
core service area

N (m) E (m) U (m) Conver-
gence time 
(min)

GPS 0.020 0.034 0.041 50.86
BDS-3 0.021 0.043 0.032 37.54
BDS-3 + GPS 0.019 0.032 0.028 24.06
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Fig. 18  GPS (red), BDS-3 
(blue) and GPS + BDS-3 (green) 
kinematic PPP sequence, and 
the average RMS in each direc-
tion are shown in the figure

Fig. 19  Constant bias in clock 
offset of BDS-3

Table 6  Positioning accuracy and convergence time for two strategies

Without correction With correction

N (m) E (m) U (m) Convergence 
time (min)

N (m) E (m) U (m) Conver-
gence time 
(min)

BDS-3 0.136 0.140 0.344 44.3 0.078 0.073 0.194 15.1
GPS 0.297 0.336 0.856 49.9 0.102 0.094 0.248 25.6
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as an analysis manner, it is concluded that the constant bias 
in the PPP-B2b clock affects the positioning convergence 
speed.

Conclusion

This paper analyzes the long-term performance of PPP-B2b 
over nearly 48 weeks. After a series of analyses, PPP-B2b 
has been proven to be able to provide long-term accurate and 

Fig. 20  Positioning results for 
the two systems with (blue) 
and without (red) correction 
strategies. The left and right 
sides represent GPS and BDS-3, 
respectively

Fig. 21  Pseudorange poste-
rior residual sequence for two 
strategies, the upper and lower 
parts represent GPS and BDS-3, 
respectively
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reliable positioning services, and its positioning accuracy 
meets the positioning performance indicators specified in 
BeiDou Navigation Satellite System Open Service Perfor-
mance Standard (CSNO 2021a, b), and the following conclu-
sions can be drawn:

1. Due to the limitation of the regional network on the ser-
vice side, the satellite correction in the PPP-B2b ser-
vice is discontinuous, but at least 7 GPS satellites and 8 
BDS-3 satellites are available for positioning at any one 
time within the service area.

2. The average orbit difference in radial of the BDS-3 
MEO, GPS and BDS-3 IGSO satellites are 0.056 m, 
0.069 m and 0.172 m, respectively, compared to the GFZ 
final orbit. The difference for the along-track and cross-
track is three times or more than the radial. Affected 
by the ISL observation, the along-track error of BDS-3 
satellites is less than the cross-track, while the GPS is 
on the contrary.

3. Influenced by factors such as pseudorange accuracy 
at the initial stage of the arc segment, the evaluation 
method of weighting by arc length is used to evaluate 
the clock, and the clock offset STD is within 0.2 ns for 
BDS-3 MEO satellites, 0.25 ns for GPS satellites, and 
up to 0.3 ns or more for BDS-3 IGSO satellites. The 
average STD of SISRE of BDS-3 MEO, GPS and BDS-3 
IGSO satellites are 0.059 m, 0.092 m and 0.174 m, 
respectively. The average RMS of SISRE is larger due 
to the constant bias of the clock offset.

4. The static PPP performance of PPP-B2b is stable and 
the positioning accuracy can achieve centimeter-level 
for GPS-only, BDS-3-only and BDS-3 + GPS mode with 
the convergence time being 61.65 min, 45.12 min and 
31.04 min, respectively. The positioning accuracy and 
convergence time are affected by the distribution of sta-
tions. Kinematic PPP results show that the positioning 
result of GPS-only is worse than that of BDS-3-only.

5. The influence of constant bias in clock offset on PPP is 
analyzed. The results show that after correcting the bias, 
The convergence time of GPS and BDS-3 was reduced 
by 48.7% and 65.9%, respectively. The processing strat-
egy of the bias in PPP-B2b requires further research.
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