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Abstract

The BeiDou global navigation satellite system (GNSS) of China (BDS-3) had full operation capacity on July 31, 2020, and
started providing free precise point positioning (PPP) service on B2b signals. Although GNSS community has conducted
many evaluations on the PPP-B2b products and its user performance, comprehensive evaluations of real-time PPP solutions
using the BDS-3 PPP service at kinematic and highly kinematic platforms are still absent. We present a general evaluation
of a real-time PPP performance exploiting the PPP-B2b corrections in various user situations represented with static sta-
tions, a car, an offshore vessel and an aircraft. We found that errors of the PPP-B2b corrections are less stable and higher
approximately by a factor of two for GPS compared to BDS-3 medium earth orbit (MEO) satellites. An average convergence
time of 28.5 and 12.9 min can be achieved with a standalone BDS-3 and BDS-3 + GPS solution for a low-speed object, such
as a permanent station, a car, and a ship, in real time when using the PPP-B2b corrections. For a high-kinematic airborne
platform, the convergence time is much longer, reaching 48.9 min. The 95% positioning errors after convergence are less than
20 and 35 cm in horizontal and vertical directions for all the experiments. We conclude that the PPP-B2b service offered by
the BDS-3 is prospective for real-time kinematic positioning applications.
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Introduction

Precise point positioning (PPP) can achieve a decimeter-/
centimeter-level positioning when using a single receiver.
Hence, it has been widely used in scientific research and
engineering applications, provided precise satellite orbit and
clock products are available (Malys and Jensen 1990; Zum-
berge et al. 1997; Kouba and Héroux 2001). For real-time
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PPP users, the orbit and clock products can be obtained via
the Internet (Internet-based PPP) or via a satellite link (Sat-
ellite-based PPP) (Xu et al. 2021). For the former, the pre-
cise products are generally sent to users using the Networked
Transport of Radio Technical Commission for Maritime Ser-
vices (RTCM) via Internet Protocol (NTRIP). An example is
the Real-Time Service (RTS) launched by the International
GNSS Service (IGS) in 2013 (Elsobeiey and Al-Harbi 2016;
Hadas and Bosy 2015), whose quality has been continuously
improving since that time. Currently, the accuracy of orbit
products of GPS, GLONASS, Galileo, BDS3-MEO reaches
a centimeter level, and the accuracy of clock corrections of
GPS and Galileo is better than 0.2 ns while those of BDS
and GLONASS is slightly worse (Li et al. 2022; Lou et al.
2022). Some typical products of the satellite-based real-time
PPP service are provided by services such as the RTX of
Trimble (Leandro et al. 2011), OmniStar (Booth and Snow
2009) and StarFire of NavCom (Dai et al. 2016); however,
these commercial products are paid.

To meet the demands of a future potential market and
for the convenience of professional users, some GNSS
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systems, including Galileo, Quasi-Zenith Satellite System
(QZSS) and BeiDou system (BDS-3, hereafter referred
BDS), have embedded the PPP service in the navigation
system designs. On January 24, 2023, the Galileo authority
started the delivery of an initial service of its free global
High Accuracy Service (HAS) on the E6-B signal, target-
ing a 95% accuracy of 20 and 40 cm for real-time PPP
horizontal and vertical positioning, respectively (Euro-
pean GNSS Service Center 2023). The new multi-GNSS
advanced orbit and clock augmentation—precise point
positioning (MADOCA-PPP) of QZSS launched a trial
service on September 30, 2022, and planned to provide an
operational service as of 2024 (Cabinet Office 2022). In
July 2021, the BDS-3 announced the service supporting
a kinematic decimeter-level and a static centimeter-level
real-time PPP when using its GEO B2b signal (PPP-B2b)
in China and surrounding areas.

Numerous studies have evaluated the performance of
PPP-B2b products and user positioning. Tao et al. (2021)
found that the differential code bias (DCB) of PPP-B2b
shows a comparable performance with the DCB product
provided by the University of the Chinese Academy of Sci-
ences (CAS). Xu et al. (2021) evaluated the accuracy and
availability of the PPP-B2b corrections for BDS. The results
showed that the availability of PPP-B2b corrections in China
was better than 80%, and the root mean square (RMS) errors
of orbits were 6.8, 33.4 and 36.6 cm in radial, along-track
and cross-track directions for the MEO satellites, whereas
twice higher for the inclined geostationary orbit (IGSO) sat-
ellites, and the accuracy of clock offsets was about 0.2 ns.
Zhang et al. (2022) compared the accuracy of the PPP-B2b
corrections for BDS and GPS using 150 days in 2021. The
results revealed that the RMS and standard deviation (STD)
of the signal-in-space ranging error (SISRE) of GPS were
almost double compared to BDS.

The performance of a static real-time PPP can achieve
centimeter-level accuracy after a convergence (Liu et al.
2022; Ren et al. 2021). Xu et al. (2021) found that an
accuracy of 11 cm horizontally and 17 cm vertically after
convergence could be achieved for a kinematic PPP of a
permanent station using B1C/B2a ionosphere-free (IF)
combination and also discovered the B1C/B2a combination
showed better accuracy than B1I/B3I. Zhang et al. (2022)
demonstrated that a kinematic PPP of a car trajectory with
PPP-B2b corrections achieved a position error of about
23.5 (18.6) and 48.8 (37.1) cm in the horizontal and ver-
tical direction, respectively, with an average convergence
time of 10.4 (14.2) min for a standalone BDS (BDS + GPS
solution). Geng et al. (2022) found that a real-time PPP with
the PPP-B2b service on a coastal area was characterized
by a 3D error RMS of 21.3 cm for BDS and 18.2 cm for
GPS +BDS. Some promising results were also achieved
in seismic monitoring (Fang et al. 2022), loosely coupled
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GNSS/INS integrated navigation (Xu et al. 2022) and time
transfer (Ge et al. 2023).

However, most of these contributions are focused on the
accuracy of the PPP-B2b product or PPP performance in
a single situation, for example, a permanent station, vehi-
cle experiment, or ship experiment, while knowledge of the
performance in airborne applications is still limited. We
comprehensively review the PPP-B2b performance in dif-
ferent applications, including static station, car, vessel and
aircraft. We first introduce the BDS-3 PPP-B2b correction
parameters and the real-time PPP model, highlighting some
details not mentioned in previous works. The positioning
performance of a real-time kinematic PPP in different situ-
ations is sequentially evaluated, discussed, and compared
with the existing literature. A summary is finally provided.

Methodology

This section first introduces the user algorithms of apply-
ing PPP-B2b corrections, including the precise ephemeris
recovery procedure and the datum of PPP-B2b orbit and
clock products. Then, the real-time PPP model using PPP-
B2b corrections is presented, with special emphasis on the
BDS satellite phase center error model.

PPP-B2b correction parameters

Satellite orbit corrections, clock offset corrections, and DCB
are essential products broadcasted by B2b signals. Cur-
rently, the orbit and clock corrections for GPS and BDS are
accompanied with the DCB for BDS only (CSNO 2020a)
to correct code biases between inter-frequency and intra-
frequency pseudoranges (Hakansson et al. 2017). Since BDS
broadcasts multi-frequency signals, including the legacy B11I
and B3I signals and the new B1C, B2a and B2b signals,
the PPP-B2b DCB corrections contain multiple types, such
as B11-B31, B1C-B3I, B2a-B3I and B2I-B3I. Hence, users
are able to exploit multi-frequency real-time BDS PPP sup-
ported with these DCB corrections (Jin and Su 2020).

The precise satellite position X ;,;; can be obtained from
the following expression:

Xorbit = Xbroadcast - 06X

6X = [ez e, e-|- 50 )
e —Le —ﬂe =e,~ Xe
R |r|’ C |r><l~,|’A C R

where X, .qcaqe denotes a satellite position calculated
from the broadcast ephemeris. Specifically, the broadcast
ephemeris to be used for BDS and GPS is the civil naviga-
tion (CNAV1) message of the B1C signal and the legacy
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navigation (LNAV) message of the L1C/A signal, respec-
tively (CSNO 2020a). 6X is then a satellite position correc-
tion in the Cartesian coordinate system, 60 is a PPP-B2b
orbit correction vector, e, e, and e are direction unit vector
for radial, along-track, and cross-track correction compo-
nents, and r and I are the satellite position and velocity vec-
tor calculated from the broadcast ephemeris.
The precise satellite clock ¢, can be obtained by
Co
Letock = Tbroadeast ~ ? 2

where ;.45 dEnotes a satellite clock estimated from broad-
cast ephemeris, C is a clock correction, and c is the velocity
of light in vacuum.

It should be noted, corrected with the PPP-B2b products,
satellite precise orbits and clocks correspond to the antenna
reference point (ARP), and it is consistent with the datum
of frequency of broadcast ephemeris, which is B3I for BDS
and IF combination of C1W and C2W for GPS.

The expression for applying the DCB is defined as
Lig = Lyiq

sig

- DCBsig 3
where /;, and Zsig are pseudorange with and without correct-
ing DCB value (DCB,;,). As mentioned before, DCB cor-
rections are not yet provided for GPS. If GPS pseudoranges
are not in accordance with the datum of GPS broadcast
ephemeris, these require applying of either the inter-signal
corrections (ISC) from the new GPS CNAV message (Feess
et al. 2013; Steigenberger et al. 2015) or the DCB from any
IGS analysis center. In our work, the ISC from GPS CNAV
message are used.

Real-time PPP model using PPP-B2b corrections

The dual-frequency IF combinations of GNSS pseudorange
and phase observations can be expressed as follows,

=p + (dt,p — di}y.) +

{Pj,F (dpjr —dip) + Tr} + € p
Lyp=p+ (dtr,IF - d[;F) +

(brap = byp) + T + AN, e

“
where P} e and Lj’ ;- denote pseudorange and phase IF obser-
vations, respectively, p’ represents a satellite-to-receiver geo-
metric distance with subscripts r for a receiver and s for a
satellite, dr, ;- and dt;, are receiver and satellite clock offsets,
d, r and d} are the recelver and satellite hardware delays of
the pseudorange IF combination, b, ;- and b}, are hardware
delays of the phase IF combination, 7 is the tropospheric
delay, A;p refers to the wavelength of L1 or BI, N - is the
IF ambiguity, £° IFL and €° P IF.P is the observation noise for

rand L7 . respectively. Any other errors, such as phase
Wlnd -up, relativistic effects, and tide displacement, have

been corrected with precise models.

The datum of BDS broadcast clock offset aligns with the
B3I signal; thus, the satellite clock offset calculated from (2)
still contains pseudorange hardware delay of the B3I signal.
The DCB correction is required to implement a full consist-
ency of the broadcast ephemeris datum for BDS3 satellites.
Considering df},. + dj,. = di},,, + (d, — di;, ), and assuming
we use the B11/B31 IF combination, we can obtain

5 DCBpi;_ps;
dy = dyyy =) T2 a2 Q)
Bir ~JB3r

where f, , and f,., are the frequency of the B1I and the B3I
signal, respectively, and the DCBpg;_ps; is from the PPP-B2b
product. The observation equations can be then expressed as

Poo=p Et DCBBI[ B3I T
v =0+ (e —diyy ) = s + T+ € pp
o~ Fa
s s >
LrIF_/’r"'(dtr. d331>+Tr +Nr1F+£r1FL
(6)
where diy g = diy gy + dygp and ¥’ i = AEN) g+ by pp = dygp = by + dyy,

are user-estimated receiver IF pseudorange delay and IF
phase ambiguity, respectively, and dry,, is the recovered
BDS satellite clock offset. Additionally, the inter-system
biases (ISB) should be estimated if multi-GNSS observa-
tions are used (Zuo et al. 2021).

It is necessary to note that the phase center offsets (PCO)
and phase center variations (PCV) for BDS satellites should
be corrected by using the model released by the BDS author-
ity when PPP is implemented based on PPP-B2b products

(https://www.beidou.gov.cn/).

SISRE evaluation

The accuracy assessment of the PPP-B2b corrections is con-
ducted before evaluating the PPP performance in various
situations. We use the SISRE as an accurate indicator of
the PPP-B2b corrections. It is a statistical uncertainty due
to errors in satellite orbit and clock product and a key per-
formance indicator for the comparison of different GNSS
(Montenbruck et al. 2015). The SISRE can be calculated
as follows

\/(0-98 - R—Clkp2 + L(42+C?) GPS
SISRE = \/(0 299 - R — Clk)? + ]‘76 (A? + C?) BDS(GEO/IGSO)

\/(0-98-R— Clk)? +

1
= (A2 +C?) BDS(MEO)

@)
where R, A, and C denote orbit errors in radial, along and
cross directions in meter, and Clk represents a satellite clock
error in meter.
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We used the post-processing multi-GNSS products
(GBM) provided by GeoForschungsZentrum Potsdam
(GFZ) (Deng et al. 2017) as a reference for evaluating the
BDS PPP-B2b orbit and clock corrections during the test
period. The GBM products are in the IGb14 framework,
while BDS employs the CGCS2000 framework. The differ-
ences between the two frameworks are negligible compared
to the centimeter-level accuracy of the PPP-B2b products,
so ignored. And PCO was corrected with the model released
by IGS for keeping consistency with the GBM products.
The SISRE RMS and STD were calculated for all satellites,
first on a daily basis and second as averages over the entire
test period.

Figure 1 shows the SISRE RMS and STD of the PPP-
B2b product from April to October 2022, i.e., covering the
period of all the test cases in our work. The gaps in Fig. 1
are due to receiver failures; hence, data are not available
for the statistics. After removing a small number of outliers
(6% for GPS) clearly observed in Fig. 1, the SISRE RMS is
0.48 m, 0.76 m and 0.82 m for BDS MEO, IGSO and GPS
satellites, respectively, and the corresponding SISRE STD
is 0.29 m, 0.44 m and 0.52 m. Some outliers close to 3 m
can be observed for GPS SISRE RMS, attributed mainly
to the low accuracy (up to 6 ns) of PPP-B2b satellite clock
offsets during these days. On the other hand, no outliers
are observed for the BDS SISRE. Overall, the errors of the
PPP-B2b corrections are approximately by a factor of two
larger for GPS compared to BDS and less stable too. The
results agree with conclusions from previous works (Tao

Fig. 1 SISRE RMS and STD of
PPP-B2b corrections for GPS, 3

¢ BDS-MEO =

et al. 2021; Zhang et al. 2022). The smaller errors in the
regional network are attributed to inter-satellite links avail-
able within the BDS system (Yang et al. 2020). In PPP pro-
cessing, we thus use a weighting strategy for BDS and GPS
in accordance with the SISRE results.

Positioning performance of real-time kinematic PPP

We used a variety of platforms, including permanent sta-
tions, car, offshore vessel, and flying aircraft, to evaluate
real-time PPP-B2b performance at a user side. BDS and
GPS observations from daily files were processed in a sim-
ulated real-time mode along with the PPP-B2b corrections
recorded by a receiver. The data processing strategy is sum-
marized in Table 1.

Permanent station experiment and results

We used 30-s observations collected at four stations (BJF1,
KUNI1, LHA1 and SHA1) from the international GNSS
monitoring and assessment system (iGMAS) and one sta-
tion (JENG) from the IGS multi-GNSS experiment (MGEX)
from April 18 to 24, 2022. The reference positions were
extracted from the final solutions on April 21, 2022, pro-
vided in the software independent exchange format (SINEX)
released by iGMAS and IGS, respectively. We defined the
PPP convergence time as an interval before reaching the
position error smaller than 0.2 and 0.4 m for the horizontal
and vertical components, respectively, for 10 continuous

BDS-IGSO GPS

saelies from Aprl fo October | | - BDS-MEO =0.48m
2022 - BDS-IGSO =0.76m
E2r GPS = 0.82m 1
n . .
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Table 1 Processing strategy for real-time PPP

Item Correction model or estimation strategy

Observations
Elevation cutoff 7°

Observations weighting strategy

Ionosphere-free linear combination of L1/L2 for GPS and B11/B3I for BDS

Elevation-dependent: 1 for elevation (E) > 30°, otherwise 2*sin(E) A-priori sigma: 3 mm and 0.5 m for

phase and code observation Weight ratio is 1:2 for GPS and BDS satellites, and 1:2 for IGSO and MEO of

BDS satellites
Satellite orbit and clock offsets
Satellite DCB
Satellite PCO/PCV
Phase windup Model corrected

Relativistic effect Model corrected

B1C CNAV1 broadcast ephemeris for BDS and LNAV broadcast ephemeris for GPS + PPP-B2b corrections
PPP-B2b DCB corrections for BDS; CAS DCB products (Wang et al. 2016) for GPS if needed
igs14.atx (Schmid et al. 2016) for GPS; antenna file provided by the BDS authority for BDS

Zenith hydrostatic delay (ZHD) is corrected by GPT3 (Landskron and Bohm 2018) and Saastamoinen

model (Saastamoinen 1972); mapping function is GPT3; Zenith wet delay (ZWD) is estimated as a ran-

Tide model Solid tide; Polar tide; Ocean tide (Petit and Luzum 2010))
Ionosphere Eliminated by IF combination
Troposphere
dom walk with the process noise of Smm/ \/ h
Receiver PCO/PCV

Receiver clock Estimated as white noise

igsl4.atx for GPS; use GPS values for BDS if corresponding values are not provided

ISB Estimated as a random walk with the process noise of Smm/ \/ h

Receiver position

Ambiguity Float

Epoch-wise parameter without constrains between epochs

minutes at least. An accuracy indicator was the 95% small-
est ranked epoch-wise position error excluding the period
needed for the convergence.

Figure 2 shows kinematic position errors of real-time PPP
using the PPP-B2b corrections for BJF1 and JENG stations
on April 21, 2022. Similar results are obtained for other
days too; however, the presented day facilitates a comparison
with the results of car experiments. The results reveal that a
kinematic PPP converges quickly to the decimeter level for
both BDS and BDS + GPS. All positioning errors remain
within 40 cm in both N (north), E (east) and U (up) compo-
nents after the convergence, and the stability of BDS + GPS
results outperforms BDS-only. The average horizontal and
vertical position accuracy in Fig. 2 is 10.6 cm and 14.2 cm
for BDS compared to 8.3 cm and 12.2 cm for BDS 4+ GPS
combined solutions.

In Fig. 2, we notice a small jump in the results shortly
before 9:00. Since it occurs at all stations at the same time,
we attribute it to the PPP-B2b corrections. Hence, we ana-
lyze in detail the PPP-B2b orbit and clock offsets on that day
(April 21, 2022) in Fig. 3. The error time series of the radial
orbit component and the clock offset are normal, but disper-
sions of along-track and cross-track orbit errors are high and
suddenly reduced at about 9:00, while SISRE also exhibits a
small jump. This change occurs for all visible BDS satellites;
hence, we consider it caused a small jump in the position
time series. We are unable to explain this issue further and
we can only attribute it to a problem on the provider side.

To further analyze the convergence performance of the
real-time PPP based on PPP-B2b corrections, the daily
observations are divided into 43 segments with a length of
3 h and a moving step of 30 min, resulting in 1505 segments
in total for the test period. The average convergence time
of these samples is 28.5 and 12.9 min for BDS-only and
BDS + GPS, respectively. The 95% errors for BDS solution
after convergence are 19.7 and 21.7 cm in the horizontal and
vertical components, respectively, while 13.4 cm and 16.2
cm for BDS + GPS. It can be found that the dual-constella-
tion solution converges faster with smaller errors than stan-
dalone BDS. Due to a different accuracy indicator, there are
some differences in our results compared to Xu et al. (2021)
who reported the average RMS 11.0 and 16.8 cm for BDS-
only horizontal and vertical positioning errors, respectively.
But the accuracy is close to each other.

Car experiment and results

The car experiment was conducted near the BJF1 station
(Beijing, China) on April 21, 2022, the same day as the
results in Fig. 2, with a duration of 90 min and a sampling
rate of 1 s. The observations were collected by a SOUTH
RT300 GNSS receiver with a Harxon HX-CSX049A
antenna. The speed of the car was within 10 km/h. The
positioning accuracy and convergence time were analyzed
similarly to the static experiment. The real-time kinematics
(RTK) solution was used as a reference trajectory.

@ Springer
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Fig.2 BDS (left) and BDS +GPS (right) positioning errors of real-time kinematic PPP using PPP-B2b corrections for BJF1 (top) and JENG

(bottom) station on April 21, 2022

The car trajectory and the location of the RTK base sta-
tion are shown in Fig. 4 (left panel). The length of the RTK
baseline is less than 6000 m, and the RTK fix rate is 99.9%
and the unfixed RTK results are removed. The number of
satellites in the car test period is shown in Fig. 4, with the
average number of visible BDS and GPS satellites of 7.1
and 5.8, respectively.

Figure 5 shows time series of kinematic positioning errors
in car experiment. The accuracy of a standalone BDS PPP is
11.2 and 17.4 cm in the horizontal and vertical components,
respectively, with a convergence time of about 5.1 min. For
BDS + GPS PPP, it is 10.6 and 16.6 cm and the convergence
time is approximately 4.3 min. The accuracy and the conver-
gence time of the dual-constellation outperform a standalone
one (BDS). Car and station positioning experiments yielded
similar performances, both coming from the same day.

Offshore vessel experiment and results

The offshore real-time PPP experiment with the BDS
PPP-B2b corrections was conducted in the surrounding
sea areas of Dongying City, Shandong Province, China.
The experiment period lasted from 4:20:00 to 8:00:00
(GPS time) on October 22, 2022, with the speed of the
ship within 20 km/h. The antenna was mounted on the
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top of the cockpit of a fishing boat, as shown in Fig. 6,
and the BDS and GPS observations were collected with a
sampling rate of 1 s by Sino K803 GNSS module with a
VLG GNSS-R44QH antenna.

The RTK solution is taken as a reference again; the ship
trajectory and the RTK base station are shown in Fig. 7
(left panel). The distances of the RTK baseline are less
than 3500 m, the RTK fix rate is 99.9%, and the unfixed
RTK results are removed. The number of satellites in the
offshore experiment period is shown in Fig. 7, with the
average number of visible BDS and GPS satellites of 7.8
and 4.2, respectively.

The positioning errors from real-time PPP with the
BDS PPP-B2b corrections are shown in Fig. 8. The accu-
racy for BDS PPP is 12.7 and 25.1 cm in the horizontal
and vertical components, respectively, with a conver-
gence time of about 29.0 min. For BDS + GPS PPP, it is
10.8 and 21.0 cm, and the convergence time is approxi-
mately 6.1 min. The positioning accuracy as well as the
convergence time is improved with the inclusion of GPS
satellites. Conspicuous fluctuations remain before the
convergence in time series of the positioning error of
the standalone BDS solution; however, this fluctuation
is eliminated after including GPS satellites, indicating
that dual-constellation can accelerate the convergence. A
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Fig.3 Error time series of the PPP-B2b real-time orbits, clock offsets and SISRE for the BDS satellites on April 21, 2022 (the subplot in the
SISRE panel represents the SISRE time series for satellite C25 between 8:30—9:00)

similar improvement in the vertical direction can also be
observed in Geng et al. (2022).

Unmanned aircraft experiment and results

In addition to the experiments described above, we also
carried out an aircraft experiment on July 24, 2022, with a
duration of about 4 h and a sampling rate of 0.1 s (HI-TAR-
GET K20 receiver and AT-35101 antenna). The reference
trajectory was processed using the RTK method (CHCHAV
PS5 receiver and HX-CSX627A antenna), the GBM post-
processing products (Deng et al. 2017), and the Inertial
Explorer (IE) software by the Novatel company (https://
novatel.com). The RTK reference was not fixed solutions.
However, the software provided three-dimensional (3D)

STD as coordinate accuracy indicators. The percentage of
RTK references whose 3D STD was better than 4 cm was
about 92%, between 4 and 6 cm, about 7.7%, and above
6 cm, about 0.3%. In order to match the RTK reference, the
raw observations were re-sampled to 1 s.

Figure 9 displays a brief trajectory of the aircraft in the
experiment. We can see that the aircraft ascends fast at the
beginning (GPST 4.0—4.4 h), then horizontally flies to
the southeast direction (4.4—5.5 h) and descends (5.5—
5.8 h), finally keeps a quasi-rectangle trajectory of ten strips
(5.8—7.8 h). The aircraft's velocity is about 230 km/h in the
experiment period. The baseline length of RTK gradually
decreases from 400 to 20 km over time.

According to the characteristics of aircraft trajectory,
we optimize the process noise of zenith tropospheric delay

@ Springer
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Fig.4 Car trajectory and loca-
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(ZTD) to adapt the fast attitude change. First, we extract the
time and coordinates of the beginning and end point of the
ascending and descending phases. Second, the ZTD at the
corresponding position and moment is calculated by NWMs-
based Site module of GMET Online Service (http://gmet.
users.sgg.whu.edu.cn/). Then, it is possible to calculate the
process noise of ZTD in these two stages using the expres-
sion in Hadas et al. (2017). Eventually, the process noise of
ZTD is set to 15 cm/ \/ h when the aircraft is climbing and
descending and maintained at 5 mm/ \/ h when the aircraft
is leveling.

Figure 10 shows the positioning errors and the height
of the aircraft. The accuracy of the BDS and BDS + GPS
PPP is 18.1 (32.8) cm and 17.1 (31.3) cm in the horizontal
(vertical) direction, respectively, and the convergence time is
approximately 48.9 and 43.1 min. In Fig. 10, we can clearly
see how the altitude of the aircraft changes over time. The
aircraft ascends fast to the altitude of 2000 m and after about
an hour, descends to an altitude of about 500 m and, finally,
maintains this altitude until the end of the experiment.

In Fig. 10, visible undulation is present in both BDS and
BDS + GPS combined solutions during the flight in strips,
and the positioning error varies sharply during the period
when the aircraft is maneuvering between adjoining strips.
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A similar coordinate error pattern in airborne platforms is
also discovered by Shi et al. (2017), Grayson et al. (2018),
Shi et al. (2020) and Ocalan et al. (2022). Therefore, we con-
sider it as a normal error in the GNSS-driven positioning of
the airborne platform, and it is logically independent on the
PPP-B2b corrections. In PPP-supported aerial triangulation,

GPS time (h)

Shi et al. (2017) utilized three translation and three drift
parameters to compensate this strip-dependent coordinate
error, and a satisfactory improvement is obtained. How-
ever, in post-processing mode, this compensation method is
mainly purposed to eliminate the effect of systematic errors
induced by GNSS positioning on the perspective center of
the aerial camera in aerial triangulation. Therefore, we do
not intend to compensate for this strip-dependent undulation
in our simulated real-time PPP result.

The number of satellites of BDS and BDS + GPS and
corresponding position dilution of precision (PDOP) are
shown in Fig. 11. During the approximate 4-h period, the
average PDOP and number of satellites of single BDS are
9.3 and 7.9, respectively. Dual-constellation then provides
an average PDOP of 3.8 and number of satellites of 12.3.
The convergence time for the aircraft is significantly longer
than that of the other experiments. In Fig. 11, we notice two
spikes in PDOP series at about 4.1 h and 4.4 h induced by
the change in the number of satellites. Both two fast changes
appear during the convergence and the PDOP changes fre-
quently before the second spike (at about 4.4 h). These two
reasons can explain the relatively longer convergence time
for the aircraft experiment.

Discussions

To compare the results in different platforms, we summarize
the accuracy and the convergence time of all the positioning
experiments in Table 2. The positioning accuracy is gener-
ally consistent with the official declaration of the positioning
error at a decimeter level for the kinematic mode when using
the BDS PPP service (CNSO 2020b).
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The permanent station, car and offshore vessel, which
all can be classified as static or low kinematic platforms,
achieves a similar performance in terms of positioning accu-
racy. The positioning errors after convergence at the 95%
confidence level are generally superior to 20 cm in horizon-
tal directions and 26 cm in vertical directions. However, the
high kinematic airborne PPP experiment results in slightly
worse positioning accuracy and significantly longer con-
vergence time, but still with an error of less than 20 and
35 cm in the horizontal and vertical directions, respectively.
A relatively poor accuracy of the aircraft is attributed to the
strip-dependent pattern error. Due to the limited duration of
observations in the vehicle experiment, the convergence time
in Table 2 is indicative requiring a careful interpretation.

Regarding the comparison between BDS-only and
BDS + GPS PPP, the latter generally outperforms the former.
After including additional constellation, the convergence is
shortened considerably (by more than 70%), as shown in the
offshore vessel experiment. While as it concern position-
ing error, due to our choice of a 95% error as the accuracy
indicator, the improvements in horizontal and vertical are

in the range of 4.6% (vertical component in car and aircraft
experiment) and 32.0% (horizontal component in permanent
station experiment).

Conclusions

The BDS PPP service provides a promising opportunity for
exploiting real-time PPP for GNSS users in China and sur-
rounding areas. This featured service will also have great
potential in environments without a stable Internet network.

We present a comprehensive evaluation of the kinematic
PPP performance of the PPP-B2b service in different situ-
ations. The statistical results of seven days of observations
at five permanent stations indicate that the average conver-
gence time is 28.5 min for standalone BDS, and 12.9 min
for BDS + GPS. In terms of accuracy, represented by the
95% positioning errors after the convergence, the BDS solu-
tion using the B1I/B3I IF combination achieves 19.7 cm in
the horizontal directions and 21.7 cm in the vertical. For
BDS + GPS combined solutions, the accuracy is 13.4 and
16.2 cm in horizontal and vertical directions, respectively.

Similarly, the PPP car experiment exhibits an accuracy of
11.2 (10.6) and 17.4 (16.6) cm in the horizontal and vertical
direction, respectively, with a convergence of 5.1 (4.3) min
for BDS (BDS + GPS) solution. The accuracy of the offshore
positioning is 12.7 (10.8) and 25.1 (21.0) cm in horizontal
and vertical components after a convergence of 29.0 (6.1)
min. The aircraft-based PPP experiment, however, results in
a positioning accuracy of 18.1 cm in horizontal and 32.8 cm
in vertical components after a convergence time of 48.9 min
for BDS-only. When combining BDS and GPS, the average
positioning accuracy becomes 17.1 and 31.3 cm in horizon-
tal and vertical directions, respectively, i.e., without signifi-
cant improvements compared to the BDS accuracy, while
the convergence time decreases to 43.1 min. Thus, airborne
positioning results become slightly worse compared to low
kinematic vehicle experiments.

The achieved positioning accuracies from different exper-
iments are consistent with the official declaration of the posi-
tioning errors for the BDS-B2b service, i.e., to support a
decimeter level. In future, the PPP services of other GNSS

Table2 95% positioning

BDS /BDS +GPS Improvement rate (dual-constellation)

error (after convergence),
convergence time for the real- Horizontal[cm] Vertical[cm] Conver- Horizontal[%] Vertical[%] Conver-
time kinematic experiment, and gence Time gence Time
improvements of BDS + GPS [min] [%]
results compared to BDS.

Permanent station 19.7/13.4 21.7/16.2 28.5/129 32.0 25.6 54.7

Car 11.2/10.6 174/16.6 5.1/4.2 54 4.6 17.6

Offshore vessel 12.7/10.8 25.1/21.0 29.0/6.1 15.0 16.3 79.0

Aircraft 18.1/17.1 32.8/31.3 489/43.0 55 4.6 12.1
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systems, such as Galileo and QZSS, will be available too,
which will further improve the positioning performance of
the satellite-based real-time PPP and promote the applica-
tion of real-time PPP in more fields.
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