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To assess the performance of the PPP-B2b service, most existing studies typically store real-time PPP-
B2b messages and leverage them to acquire precise satellite orbits and clock offsets. However, they 
often overlook potential interferences, such as occlusions and receiving delays, that may occur in real-
time scenarios. Consequently, these studies fail to fully capture the real-time positioning capabilities of 
PPP-B2b. This study assesses real-time static and kinematic precise point positioning (PPP) solutions 
based on BDS-3 and BDS-3/GPS. The findings reveal that both BDS-3 and GPS systems demonstrate 
high signal matching with PPP-B2b, resulting in quicker convergence in real-time static PPP solutions 
and maintaining stable positioning accuracy without divergence. Particularly noteworthy is the higher 
precision observed in the north–south direction. Under BDS-3, the convergence time is approximately 
26 min, with horizontal accuracy below 0.2 m, vertical accuracy below 0.4 m. Utilizing BDS-3/GPS 
reduces the convergence time by roughly 30% while maintaining comparable accuracy (horizontal 
accuracy below 0.2 m, vertical accuracy below 0.4 m). In real-time kinematic PPP solutions, based 
on the PPP-B2b algorithm, decimeter-level accuracy is attained, particularly in the north and south 
directions. The convergence time is approximately 1 h and 28 min, longer than real-time static PPP 
solutions, due to clock system biases. However, within the time periods after convergence and with 
no divergence, real-time kinematic PPP solutions achieve horizontal accuracy of 4 cm and vertical 
accuracy of 8 cm.
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Global navigation satellite systems (GNSS) represent groundbreaking technology that has rapidly evolved since 
the initial deployment of the GPS system1,2. The landscape of satellite navigation has undergone profound 
transformation over the past three decades, transitioning from a singular GPS-dominated environment to a 
multi-constellation ecosystem comprising Russia’s GLONASS, China’s BeiDou, Europe’s Galileo, Japan’s QZSS, 
and India’s NavIC3. This proliferation of satellite constellations has drastically enhanced positioning capabilities 
worldwide, with approximately 120 operational navigation satellites currently orbiting Earth4. Through a complex 
interplay of satellites, ground control stations, and user devices, these systems provide high-precision global 
positioning, navigation, and timing services, fundamentally reshaping daily lives and professional endeavors5,6. 
The strategic importance of multi-constellation GNSS extends beyond mere positioning improvements, offering 
enhanced resilience against signal interference, jamming, and spoofing—critical considerations for applications 
demanding continuous availability and reliability7.

Precise point positioning (PPP) represents a revolutionary paradigm shift within the GNSS domain, enabling 
high-precision positioning without dependence on differential corrections from nearby reference stations8. 
Unlike traditional real-time kinematic (RTK) techniques that require dense networks of reference stations, PPP 
leverages precise satellite orbit and clock corrections to achieve comparable accuracy with a single receiver9. 
The fundamental principle underlying PPP involves the meticulous modeling of error sources—including 
ionospheric delays (with advanced high-order correction methods being particularly important for applications 
like LEO satellite orbit determination10), tropospheric effects, satellite antenna phase center variations, and 
relativistic effects—combined with precise satellite orbit and clock products to eliminate or substantially 
mitigate positioning errors11. In recent years, Real-Time PPP (RT-PPP) has emerged as a prominent area of 
research and development, particularly in commercial sectors12–15. RT-PPP enhances traditional PPP by offering 
real-time high-precision positioning applications, unlocking possibilities in industries such as autonomous 
driving, precision agriculture, construction, and maritime navigation16. The introduction of PPP-B2b has 
further expanded opportunities for real-time high-precision positioning applications, representing a significant 

Guang Zhou Marine Geological Survey, Guangzhou 511458, China. email: 545878114@qq.com

OPEN

Scientific Reports |        (2025) 15:17325 1| https://doi.org/10.1038/s41598-025-02477-y

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-02477-y&domain=pdf&date_stamp=2025-5-19


advancement in satellite-based augmentation systems. However, comprehensively assessing the performance 
and reliability of PPP-B2b in practical scenarios requires in-depth research and evaluation17.

PPP-B2b positioning represents a cutting-edge advancement in high-precision GNSS technology, uniquely 
provided by the BeiDou navigation satellite system (BDS-3). Unlike traditional satellite-based augmentation 
systems that operate primarily through geostationary satellites, the PPP-B2b service transmits correction data 
via the B2b signal frequency across the entire BDS-3 constellation, including medium earth orbit (MEO), 
inclined geosynchronous orbit (IGSO), and geostationary earth orbit (GEO) satellites18. This innovative 
distribution mechanism substantially enhances signal accessibility and reliability, particularly in challenging 
environments where signal obstruction is common19. The PPP-B2b service provides comprehensive correction 
parameters, including satellite orbit and clock corrections, differential code biases, and quality indicators, 
enabling centimeter-level positioning accuracy with suitably equipped receivers20. Supported by an advanced 
ground infra-structure network, PPP-B2b demonstrates an average convergence time remarkably close to that of 
final product-based precise PPP solutions, making it a reliable and efficient method for real-time high-precision 
applications21–28. Previous studies evaluating the PPP-B2b service have primarily focused on the storage of real-
time PPP-B2b messages and their utilization to obtain precise satellite orbits and clock corrections. However, 
these studies often overlook potential real-time scenario interferences, such as obstructions and reception 
delays, thereby failing to provide a comprehensive depiction of the real-time positioning capabilities of PPP-B2b. 
Therefore, conducting ex-tensive research on the performance of PPP-B2b in practical applications is imperative 
to fully understand its potential value across various domains and provide further support and guidance for 
future developments.

The primary objective of this study is to conduct a comprehensive evaluation and analysis of real-time static 
and real-time kinematic PPP performance, utilizing the Unistrong MG10s high-precision positioning terminal 
as the foundation. Specifically, we emphasize the PPP-B2b service, aiming to provide valuable insights into 
the positioning capabilities and accuracy of PPP solutions in both static and dynamic scenarios. This research 
addresses critical knowledge gaps regarding PPP-B2b performance in real-world environments by: (1) assessing 
actual positioning performance under genuine real-time conditions rather than simulated environments; (2) 
quantifying the convergence characteristics and post-convergence stability in various operational scenarios; 
(3) comparing single-system (BDS-3) and multi-system (BDS-3/GPS) performance to identify optimal 
configuration strategies; and (4) evaluating the resilience of PPP-B2b solutions against environmental challenges 
in maritime environments29. By delving deeply into the performance and characteristics of PPP-B2b, we aim to 
offer practical information and guidance for advancing and optimizing real-time high-precision positioning 
applications, ultimately contributing to the broader field of satellite navigation and positioning technologies.

The remainder of this paper is organized as follows: Section “Methodology” presents the methodology 
employed in this study, including a detailed description of the PPP-B2b correction parameters and the 
algorithms utilized for real-time corrections. Section “Experiments and results” details the experimental setup, 
data collection procedures, and presents a comprehensive analysis of the results obtained from real-time static 
and kinematic PPP solutions. In Section “Discussion”, we discuss the implications of our findings, comparing 
the performance metrics across different system configurations and operational scenarios. Finally, Section 
“Conclusions” concludes the paper by summarizing the key findings, highlighting the significance of our 
research, and suggesting potential directions for future work in this domain.

Methodology
B2b correction parameters: principles and implementation
The PPP-B2b service delivers several critical correction parameters to enhance positioning accuracy. These 
parameters include satellite mask (defining visible satellites), orbit corrections, clock corrections, differential 
code bias (DCB, which accounts for hardware delays in satellite signal generation), and user range accuracy index 
(an indicator of correction quality). For BDS-3 satellites, users receive a comprehensive suite of corrections—
orbit, clock, and DCB—through the B2b signal. In contrast, for GPS satellites, the service provides only orbit 
and clock corrections30.

These correction parameters serve to refine the standard CNAV1 and LNAV broadcast ephemerides for both 
BDS and GPS constellations. The orbit correction component consists of three key identifiers: IODN (Issue of 
Data Navigation), which enables broadcast ephemeris table matching; IOD Corr (Issue of Data Correction), 
which ensures proper orbit-clock correction pairing; and vectorial corrections in three orthogonal directions—
radial (R), along-track (A), and cross-track (C)—capturing the satellite’s position offsets.

Similarly, the clock correction parameters include IOD Corr, which verifies alignment with the corresponding 
orbit corrections, and clock bias correction, which compensates for satellite clock timing errors. The mathematical 
formulation for transforming these corrections into precise satellite positions and clock offsets is expressed as 
follows:

	 δX = [eradial ealong ecross] · δO� (1)

	 Xorbit = Xbroadcast − δX� (2)

	
tsatellite = tbroadcast − C0

c
� (3)

In Eq.  1, δX represents the orbit correction vector projected into the Earth-Centered Earth-Fixed (ECEF) 
coordinate system’s X, Y, and Z directions. This correction is derived from δO, the orbit correction vector 
obtained from PPP-B2b information in the R, A, and C directions. The terms eradial, ealong, and ecross denote 
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unit vectors in their respective directions, facilitating the coordinate transformation from the orbital reference 
frame to the ECEF system.

Equations 2 and 3 demonstrate the application of these corrections. In Eq. 2, Xorbit represents the computed 
real-time precise satellite position, obtained by applying the correction vector δX to the broadcast ephemeris 
position Xbroadcast. Similarly, Eq. 3 expresses tsatellite, the precise clock offset, as the broadcast ephemeris clock 
offset tbroadcast adjusted by the term C0

c , where C0 is the clock correction parameter received through the PPP-
B2b service, and c represents the speed of light in vacuum.

Utilizing PPP-B2b parameters for real-time corrections
The hardware algorithm incorporates PPP-B2b correction parameters to refine broadcast ephemerides for 
satellite positioning. This refinement process involves two primary correction types: adjustments to satellite 
orbit coordinates in the ECEF reference frame and modifications to clock offset values. These corrections, 
derived from real-time PPP-B2b data streams, significantly enhance the precision of both satellite positional and 
temporal parameters.

The mathematical framework for implementing these corrections is expressed through the following 
equations:

	 Rcor = Rbroadcast + RPPP - B2b� (4)

	 δrsat = rsat − rbroadcast� (5)

	 δtsat = tsat − tbroadcast + δtPPP - B2b� (6)

In Eq. 4, Rcor denotes the corrected satellite orbit vector, derived from combining the broadcast ephemeris 
position (Rbroadcast) with the PPP-B2b derived correction vector (RPPP - B2b). Equation 5 defines δrsat as 
the offset between the computed precise satellite position and the broadcast ephemeris position. Equation 6 
characterizes δtsat as the temporal difference between the precise satellite clock and the broadcast ephemeris 
clock, adjusted by the PPP-B2b correction term δtPPP - B2b. This mathematical framework elucidates how PPP-
B2b parameters systematically improve real-time satellite positioning and timing accuracy.

Experiments and results
To evaluate the real-time positioning capabilities of PPP-B2b, we employed the Unistrong MG10s receiver—a 
high-precision GNSS terminal capable of processing PPP-B2b correction signals. This commercial-grade 
receiver was selected for its ability to generate real-time PPP solutions through onboard hardware algorithms, 
making it particularly suitable for our study.

The experimental setup incorporated a Trimble GA830 antenna, chosen for its exceptional signal reception 
characteristics. This antenna features robust multipath rejection capabilities, high signal-to-noise ratio 
performance, and effective tracking of low-elevation satellites. Its advanced RF filtering technology effectively 
mitigates iridium transmission interference, while its durable housing provides resilience in maritime 
environments. For optimal signal reception, we positioned the antenna with unobstructed sky visibility on the 
ship’s bridge, connecting it to the Unistrong MG10s via a 30-m cable.

Data processing was performed using RTKLIB software31, which enabled comprehensive analysis of 
positioning quality. We evaluated multiple performance parameters, including convergence time and positioning 
accuracy. For this study, we defined convergence as the point at which horizontal errors remained consistently 
below 0.24 m and vertical errors below 0.41 m for a continuous 20-min period 32.

Data collection and comparative analysis of RT-PPP solutions
The PPP-B2b service currently provides correction messages for 59 satellites across multiple constellations. This 
includes correction data for 27 BeiDou navigation satellite system (BDS) satellites (specifically C19 through 
C46, excluding C31) and 32 Global Positioning System (GPS) satellites (G01 through G32). To evaluate the 
positioning performance, we collected continuous 24-h real-time static PPP solutions and observation data for 
both BDS-3 and BDS-3/GPS constellation combinations on Day of Year (DOY) 113 and 114 in 2023. All data 
were sampled at 30-s intervals. For accuracy assessment, we established a reference benchmark by comparing 
the real-time static PPP solutions against known GNSS control point coordinates located in Guangzhou, as 
illustrated in (Fig. 1).

For the kinematic evaluation, we conducted real-time PPP solution measurements in the Pearl River Estuary 
on DOY 124 of 2023, maintaining the same 30 s sampling interval. Figure 2 depicts the experimental setup, 
showing the antenna placement (highlighted by a red circle) mounted atop the ship’s bridge. This positioning 
ensured unobstructed sky visibility while minimizing multipath effects that could compromise signal quality. 
Throughout the experiment, the vessel’s velocity varied—occasionally reaching 10 knots during specific 
maneuvers but predominantly maintaining approximately 2 knots.

To establish a reference standard for evaluating the real-time kinematic PPP solutions, we employed 
post-processed PPP solutions. The accuracy of these solutions depends significantly on the precise satellite 
ephemerides and clock products used in the processing workflow. Different products may introduce varying 
levels of systematic errors, and the accuracy of precise ephemerides and clock corrections can differ across 
satellite systems. Based on previous comparative research examining the impact of various International GNSS 
Service (IGS) precise products on post-processing accuracy in kinematic environments, we determined that 
products from the German Research Centre for Geosciences (GFZ) delivered superior positioning accuracy32. 
Therefore, we utilized the GFZ final product series from the multi-GNSS experiment (MGEX), which includes 
precise ephemerides (SP3) and clock corrections (CLK). Using the post-processing module RTKPOST in 
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RTKLIB software, we integrated the GFZ final products with our observation data to generate the reference 
post-processing PPP solution.

Real-time static PPP accuracy analysis based on PPP-B2b
Real-time static PPP accuracy analysis of BDS-3
Figure 3 illustrates the operational trajectories of BDS-3 satellites observed on DOY 113. Notably, satellites C38, 
C39, and C40—which belong to the inclined geosynchronous orbit (IGSO) constellation—display a characteristic 
figure-eight pattern. IGSO satellites offer an advantage over medium earth orbit (MEO) satellites through their 
extended tracking periods, which significantly enhances the availability of B2b correction products30.

The sky plot configuration of the BDS-3 system exhibits a well-structured arrangement with progressively 
improving satellite distribution. As shown in Fig. 4, the BDS-3 constellation demonstrates remarkable density 
and uniformity. The consistent availability of more than 8 visible satellites ensures a favorable geometric 
configuration, reflected in the position dilution of precision (PDOP) value of 1.8. While Fig. 4 confirms that 
the BDS-3 system provides sufficient visible satellites for PPP-B2b positioning, accurate position determination 
requires proper alignment between broadcast ephemeris data and observational measurements to determine the 
actual number of participating satellites.

Figure 5 presents the number of satellites actively contributing to BDS-3 positioning calculations. The data 
reveals only a minimal reduction compared to the total visible satellites, with at least 8 satellites consistently 
participating in the positioning process. This finding underscores the robust correlation between the BDS-3 
system and PPP-B2b signals, which directly contributes to shorter convergence times.

Fig. 2.  Kinematic PPP experiment environment with antenna location highlighted in red circle.

 

Fig. 1.  Static PPP experiment environment.
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The performance of real-time static PPP using BDS-3 is presented in (Fig. 6). The results demonstrate that 
PPP based on PPP-B2b corrections achieves convergence within approximately 26  min. Post-convergence 
performance exhibits horizontal accuracy better than 0.2  m and vertical accuracy better than 0.4  m. The 
root mean square (RMS) errors in the east-north-up (ENU) coordinate system are 0.10, 0.03, and 0.26  m, 
respectively. Importantly, the positioning solution maintains remarkable stability after convergence, with no 
instances of divergence observed—a benefit attributable to the substantial number of satellites participating in 
the computation.

Real-time static PPP accuracy analysis of BDS-3/GPS
Figure 7 presents the operational trajectory of BDS-3/GPS on DOY 114. The integration of GPS results in a more 
comprehensive sky plot configuration with a denser and more uniform satellite constellation. The number of 
available satellites increases to more than 17 (Fig. 8), and this well-distributed constellation significantly reduces 
positioning errors33. The improved geometric configuration enhances satellite spatial distribution, resulting in a 
decreased position dilution of precision (PDOP) value of 1.2. PDOP, a unitless measure that indicates the effect 

Fig. 4.  Number of visible satellites and DOP on DOY 113.

 

Fig. 3.  Skyplot of BDS-3 on DOY 113.
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of satellite geometry on positioning accuracy, serves as a valuable indicator of solution quality, with lower values 
generally associated with better precision.

Figure  9 illustrates the number of satellites participating in BDS-3/GPS dual-system positioning. The 
data confirms a strong correlation between the BDS-3/GPS dual-system and PPP-B2b signals, which directly 
contributes to shorter convergence times.

Figure  10 displays the real-time static PPP solution using BDS-3/GPS. The dual-system configuration 
achieves faster convergence, reaching the convergence threshold in approximately 18 min—about 30% faster 
than with BDS-3 alone. Post-convergence, the solution maintains excellent precision with horizontal accuracy 
below 0.2 m and vertical accuracy better than 0.4 m. The Root Mean Square (RMS) errors in the East-North-Up 
(ENU) coordinate system are 0.07 m, 0.03 m, and 0.18 m, respectively.

A particularly noteworthy finding is that the BDS-3/GPS static PPP solution yields horizontal positioning 
errors at the centimeter level, with superior performance in the north–south direction. Both BDS-3 and BDS-3/
GPS solutions demonstrate remarkable stability, with RMS errors averaging approximately 3 cm. This precision 
primarily stems from the optimal distribution of satellites affecting the positioning accuracy in the ENU 

Fig. 6.  Real-time static PPP solution using BDS-3.

 

Fig. 5.  Valid satellites of BDS-3 positioning.
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directions. As shown in Figs. 3, 7, the symmetric satellite distribution in the north–south direction facilitates 
the reduction of systematic errors, resulting in enhanced positioning accuracy along this axis. This directional 
advantage may be partially attributed to the experimental location in Guangzhou, situated at a lower latitude 
where the satellite geometry is particularly favorable for north–south measurements.

Real-time kinematic PPP accuracy analysis based on PPP-B2b
Figure 11 illustrates the positioning accuracy of real-time kinematic precise point positioning (PPP) using the 
BDS-3/GPS dual-constellation system. For this analysis, post-processed PPP solutions served as the reference 
benchmark. The real-time kinematic PPP solution—where the receiver is in motion during measurement—
achieves centimeter-level accuracy using the PPP-B2b algorithm. Notably, positioning precision exhibits 
directional asymmetry, with superior accuracy in the North–South direction compared to the East–West 
direction. This directional performance pattern aligns with our previous findings from static PPP analysis.

The solution requires approximately 1 h and 28 min to achieve convergence, significantly longer than static 
positioning scenarios. This extended convergence period stems primarily from East–West accuracy discrepancies. 

Fig. 8.  Number of visible satellites and DOP on DOY 114.

 

Fig. 7.  Skyplot of BDS-3/GPS on DOY 114.
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The underlying cause is the systematic difference between clock references: GPS broadcast clocks are derived 
from a global monitoring network, while PPP-B2b broadcast clocks originate from regional networks, resulting 
in systematic clock offsets25. The root mean square (RMS) errors in the east-north-up (ENU) coordinate system 
are 0.31, 0.12, and 0.51 m, respectively.

During the observation interval from 5:48 to 6:47, we identified seven epochs where the solution temporarily 
reverted to single-point positioning mode, indicating a convergence-divergence pattern. This phenomenon 
can be attributed to the geometric configuration of geostationary earth orbit (GEO) satellites. GEO satellites 
maintain fixed positions above the equator, causing users in the Northern Hemisphere to consistently remain 
south of these satellites. This geometric relationship can lead to signal occlusions from the southern direction14, 
particularly affecting PPP-B2b correction messages. The marine environment of our experiment introduced 
additional instability factors, as vessel movement could temporarily block correction signals from southerly 
directions, triggering solution divergence after initial convergence.

Figure 12 presents the vessel’s motion characteristics throughout the experiment. While the vessel’s speed 
fluctuated—occasionally reaching 10 knots during specific maneuvers—it maintained approximately 2 knots 

Fig. 10.  Real-time static PPP solution using BDS-3/GPS.

 

Fig. 9.  Valid satellites of BDS-3/GPS dual-system positioning.
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for most of the observation period. Our comparative analysis of positioning accuracy time series revealed no 
significant correlation between vessel speed and positioning precision. This finding suggests that movement 
velocity has negligible impact on PPP-B2b-based kinematic positioning quality. The observed divergence 
patterns likely relate more closely to the vessel’s attitude (pitch, roll, and yaw) than to its translational speed.

Figure 13 depicts the number of satellites and position dilution of precision (PDOP) values observed during 
dynamic experiments. Compared to static experiments with BDS-3/GPS integration, dynamic trials exhibited 
an average satellite visibility of approximately 15 satellites and a mean PDOP of 1.5. Despite elevated PDOP 
values during the initial convergence phase, our analysis revealed no significant correlation between positioning 
accuracy and variations in satellite count or PDOP throughout the experimental duration. This observation 
may be attributed to the testing site’s lower latitude (approximately 22 degrees north), which presents less 
favorable geometry for the unevenly distributed BDS-3 satellite constellation. As illustrated in Fig. 14, the sky 
plot from dynamic experiments shows a distinct distribution pattern, where GPS satellites (depicted in black) 
and BDS-3 satellites (shown in green) demonstrate different coverage characteristics. Notably, the BDS-3 

Fig. 12.  Impact of vessel motion speed in real-time kinematic PPP.

 

Fig. 11.  Positioning accuracy of real-time kinematic PPP using BDS-3/GPS dual systems with post-processing 
PPP reference.
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constellation exhibits a predominantly southeast-oriented distribution—a unique geometric pattern absent in 
static experiments—potentially explaining the relatively higher PDOP values observed during dynamic testing.

Figures  15, 16 present two distinct time intervals of stable real-time kinematic PPP solutions post-
convergence (without divergence): from 03:00 to 05:00 and from 08:00 to 10:00, respectively. During the 03:00–
05:00 interval, Root Mean Square (RMS) errors in the East, North, and Up components were 0.04 m, 0.04 m, 
and 0.42 m, respectively. The 08:00–10:00 period demonstrated RMS errors of 0.09, 0.06, and 0.08 m in the 
corresponding components. These results demonstrate that the real-time kinematic PPP solution based on PPP-
B2b service achieves horizontal accuracy of 4 cm and vertical accuracy of 8 cm. Collectively, data from both 
time intervals confirm that the PPP-B2b-based real-time kinematic positioning solution delivers exceptional 
performance in both horizontal and vertical dimensions after convergence. These findings align with previous 
research5,6, which similarly documented the outstanding positioning capabilities of the PPP-B2b algorithm 
in dynamic environments. Our results suggest that the PPP-B2b approach consistently provides superior 
positioning performance under dynamic conditions, making it particularly valuable for applications requiring 
centimeter-level positioning accuracy in mobile platforms. These insights have significant implications for real-

Fig. 14.  Skyplot of BDS-3/GPS during kinematic experiment.

 

Fig. 13.  Number of visible satellites and DOP during kinematic experiment.
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time applications involving dynamic movement, such as precise maritime navigation and autonomous vehicle 
guidance.

Discussion
Table 1 presents a comparative analysis of positioning accuracy and convergence time across different precise 
point positioning (PPP) solutions. Our investigation into BeiDou navigation satellite system (BDS-3) and 
combined BDS-3/GPS performance in real-time static PPP contexts reveals several key insights relevant to 
global navigation satellite system (GNSS) applications.

The PPP-B2b signal demonstrated excellent compatibility with both BDS-3 and GPS systems, evidenced by 
accelerated convergence times in real-time static PPP solutions. This rapid convergence capability—essential 
for applications requiring immediate high-precision positioning—stems from the robust signal alignment 
between the BDS-3 and GPS constellations. Furthermore, these solutions exhibited remarkable stability after 
convergence, maintaining consistent accuracy without divergence. Such stability is particularly valuable for 

Fig. 16.  Real-time kinematic PPP solution after convergence (8 a.m.–10 a.m.).

 

Fig. 15.  Real-time kinematic PPP solution after convergence (3 a.m.–5 a.m.).
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applications demanding sustained reliability, as it ensures continuous high-precision performance without 
accuracy degradation.

Our analysis revealed notable directional variations in positioning accuracy, with north–south measurements 
consistently outperforming east–west measurements. This directional asymmetry likely results from variations 
in satellite constellation geometry and signal propagation characteristics, factors that significantly influence 
application-specific performance. The BDS-3 system demonstrated impressive capabilities, achieving 
convergence in approximately 26 min with horizontal accuracy below 0.2 m, vertical accuracy below 0.4 m, 
and minimal Root Mean Square (RMS) errors in the East-North-Up (ENU) coordinate system. These metrics 
confirm the exceptional performance of BDS-3 PPP solutions for applications requiring both precision and 
efficiency.

Integration of GPS with BDS-3 substantially enhanced real-time static PPP performance, reducing 
convergence time while maintaining comparable accuracy levels. The dual-system approach delivered 
consistently high precision after convergence, with RMS errors ranging from 0.07 to 0.18 m. This configuration 
allows users to obtain high-precision positioning data more rapidly—a significant advantage for time-sensitive 
applications requiring immediate and reliable positioning information.

Beyond static positioning, we examined real-time kinematic PPP solutions using the combined BDS-3/GPS 
approach. While these solutions achieved decimeter-level accuracy (particularly in north–south measurements), 
they required longer convergence times compared to static applications. This extended convergence period 
primarily stems from differences in broadcast clock sources—a critical consideration for applications requiring 
both speed and precision.

Our research identified a notable phenomenon in kinematic applications: occasional convergence to single-
point solutions followed by divergence. This behavior primarily results from the fixed southern positioning 
of geostationary earth orbit (GEO) satellites relative to northern hemisphere users, potentially creating signal 
obstructions. Environmental factors, such as vessel motion in maritime applications, can further impede 
PPP-B2b correction signals from southern directions. Nevertheless, once kinematic solutions achieve stable 
convergence, they deliver exceptional accuracy—approximately 4 cm horizontally and 8 cm vertically—making 
them ideally suited for high-precision applications.

Several limitations must be acknowledged in our experimental approach. First, our study was conducted 
in a specific geographic region (Guangzhou, approximately 23°N), which limits the generalizability of our 
findings to other latitudes, especially high-latitude regions where BDS-3 satellite geometry differs significantly. 
Second, our kinematic tests were performed in relatively controlled maritime conditions with moderate vessel 
motion dynamics. More challenging environments—such as urban canyons, dense foliage, or severe weather 
conditions—would likely yield different performance characteristics. Third, our evaluation focused exclusively 
on the hardware-based implementation of PPP-B2b through a commercial receiver; alternative software 
implementations might demonstrate different convergence behaviors and accuracy profiles.

The practical implications of these findings extend beyond technical performance metrics. The demonstrated 
centimeter-level accuracy of PPP-B2b in both static and post-convergence kinematic applications suggests 
its viability for precision-critical domains previously dominated by RTK techniques. However, the extended 
convergence time for kinematic applications (approximately 88  min) currently limits its utility for scenarios 
requiring immediate high-precision positioning upon system initialization. This constraint could be addressed 
through several potential improvements:

	1.	 Multi-constellation integration beyond BDS-3/GPS: Incorporating additional constellations such as Galileo 
and GLONASS could potentially further reduce convergence time and enhance positioning robustness, par-
ticularly in challenging environments.

	2.	 Advanced ambiguity resolution techniques: Implementing integer ambiguity resolution specifically opti-
mized for PPP-B2b could significantly accelerate convergence time in both static and kinematic applications.

	3.	 Clock bias modeling improvements: Developing enhanced models to address the systematic differences be-
tween global and regional clock reference systems could mitigate the convergence delays observed in kine-
matic applications.

	4.	 Attitude-dependent signal occlusion mitigation: For maritime applications, developing compensation algo-
rithms that account for vessel attitude effects on signal reception could reduce the occurrence of divergence 
events observed in our kinematic tests.

System Convergence time Horizontal accuracy Vertical accuracy RMS errors (ENU)

Real-time static PPP solution using BDS-3 26 min  < 0.2 m  < 0.4 m
0.10 m,
0.03 m,
0.26 m

Real-time static PPP solution using BDS-3/GPS 18 min  < 0.2 m  < 0.4 m
0.07 m,
0.03 m,
0.18 m

Real-time kinematic PPP solution using BDS-3/GPS 1 h 28 min Decimeter-level Decimeter-level
0.31 m,
0.12 m,
0.51 m

Table 1.  Comparison of positioning accuracy and convergence time for different PPP solutions.
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	5.	 Environmental resilience enhancements: For practical deployments, improving the system’s performance 
under challenging conditions through advanced multipath mitigation and signal processing techniques 
would expand its applicability across diverse operational scenarios.

In conclusion, BDS-3 and integrated BDS-3/GPS solutions demonstrate superior accuracy and reliability across 
diverse operational scenarios. The dual-system approach represents a significant technological advancement, 
substantially reducing convergence time without compromising accuracy. These findings have important 
implications for positioning system selection and PPP computation optimization across various operational 
contexts. As GNSS technology continues to evolve, the insights from this research will contribute significantly to 
advancing high-precision positioning applications in both static and dynamic environments.

Conclusions
Our comprehensive evaluation of real-time static PPP solutions using BDS-3 and BDS-3/GPS reveals that both 
navigation systems exhibit excellent compatibility with PPP-B2b signals. This compatibility results in faster 
convergence times and stable positioning accuracy after convergence, with no observed divergence. Notably, 
positioning accuracy in the north–south direction consistently exceeds that in the east–west direction across all 
configurations.

When using only the BDS-3 system, convergence time averages approximately 26 min, achieving horizontal 
accuracy better than 0.2  m and vertical accuracy better than 0.4  m. The root mean square (RMS) errors in 
the east-north-up (ENU) directions measure 0.10, 0.03, and 0.26 m, respectively. The introduction of a dual-
system approach incorporating BDS-3/GPS reduces convergence time by approximately 30% while maintaining 
comparable accuracy levels. After convergence, the horizontal accuracy remains below 0.2  m and vertical 
accuracy below 0.4 m, similar to BDS-3 alone. However, the RMS errors in the ENU directions decrease to 0.07, 
0.03, and 0.18 m, indicating slightly enhanced precision in the dual-constellation configuration.

Our investigation of real-time kinematic PPP solutions using BDS-3/GPS demonstrates that the PPP-B2b 
algorithm achieves decimeter-level accuracy, with superior precision in the north–south direction compared 
to east–west. The convergence time for kinematic applications extends to approximately 1  h and 28  min, 
significantly longer than for static solutions. This extended convergence period stems from clock system biases, 
specifically the difference between GPS broadcast clocks (sourced from global networks) and PPP-B2b broadcast 
clocks (derived from regional networks).

During certain time intervals, real-time kinematic PPP solutions may initially converge but subsequently 
revert to single-point solutions. This behavior primarily results from two factors: the obstruction of PPP-
B2b products by geostationary earth orbit (GEO) satellites consistently positioned to the south of Northern 
Hemisphere users, and environmental instabilities in maritime settings where vessel movement can temporarily 
block correction signals from southern directions. Despite these challenges, during periods of stable convergence 
without divergence, real-time kinematic PPP solutions achieve impressive accuracy—horizontal precision of 
4 cm and vertical precision of 8 cm. These results highlight the considerable potential of PPP-B2b technology for 
high-precision positioning applications across various domains.

Based on the performance characteristics identified in this study, the PPP-B2b technology shows significant 
potential across diverse application domains. For static applications with centimeter-level accuracy requirements, 
PPP-B2b offers compelling advantages in geodetic control surveys, cadastral mapping, structural monitoring, 
and tectonic deformation studies. The excellent north–south directional precision makes it particularly valuable 
for monitoring infrastructure along riverways, coastlines, and transportation corridors oriented in this direction. 
Land deformation monitoring applications, such as landslide detection and dam deformation surveillance, can 
leverage the sub-decimeter accuracy and stable convergence of the BDS-3/GPS dual-system solution.

For kinematic applications, where positioning performance reaches 4  cm horizontal and 8  cm vertical 
accuracy post-convergence, PPP-B2b presents significant opportunities in precision agriculture (automated 
guidance of farm machinery and variable rate application), hydrographic surveying (bathymetric mapping 
and harbor dredging operations), and marine construction (pipeline laying and underwater structure 
placement). The technology’s performance in maritime environments, as demonstrated in our study, indicates 
its suitability for offshore positioning applications, coastal zone management, and marine resource exploration 
where extended operation periods can accommodate the longer convergence time. Urban applications such 
as autonomous vehicle navigation and machine control in construction would benefit from the centimeter-
level precision, though the extended convergence time would necessitate system initialization prior to critical 
operations. Additionally, the BDS-3/GPS integration’s superior performance suggests significant advantages 
for regions with favorable visibility of both constellations, particularly in the Asia–Pacific region where BDS-3 
coverage is optimized.

Both BDS-3 and GPS systems demonstrate exceptional accuracy and reliability in real-time static PPP 
applications. The dual-system approach offers substantial benefits, particularly in reducing convergence time 
without sacrificing positional precision. These findings provide valuable guidance for selecting appropriate 
positioning systems and optimizing PPP computational processes across different operational contexts. While 
real-time kinematic PPP solutions based on PPP-B2b technology deliver remarkable positioning accuracy, users 
should exercise caution in environments prone to southern signal obstructions or maritime instability. Our 
research significantly advances understanding of real-time PPP performance characteristics and establishes a 
foundation for further refinement of high-precision positioning technologies.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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