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Abstract

Real-Time Precise Point Positioning (RT-PPP) has been one of the research hotspots in GNSS (Global Navigation Satel-
lite System) community for decades. Real-time precise products of satellite orbits and clocks are the prerequisite for
RT-PPP. Thus, it is of great importance to investigate the current multi-GNSS real-time precise products in State Space
Representation (SSR) from different analysis centers. In this article, SSR products from 10 analysis centers are compre-
hensively evaluated by comparing them with the final products and performing the kinematic PPP. The results show
that analysis centers CNES (Centre National D'Etudes Spatiales) and WHU (GNSS Research Center of Wuhan University)
provide the most complete products with the best quality. Concerning the accuracy of real-time products for the
GNSSs, the accuracies of orbit and clock products are better than 5 cm and 0.15 ns, respectively, for Global Positioning
System (GPS), followed by Galileo navigation satellite system (Galileo), BeiDou-3 Navigation Satellite System (BDS-3),
GLObal NAvigation Satellite System (GLONASS), and BeiDou-2 Navigation Satellite System (BDS-2). Meanwhile, the
results of the RT-PPP with quad-system show that the positioning accuracies are 1.76, 1.12 and 2.68 cm in east, north,
and up directions, respectively, and the convergence time to 0.1, 0.1, 0.2 m for corresponding directions is 15.35 min.

Keywords: Real-time precise point positioning (RT-PPP), State space representation (SSR), Multi-GNSS, Convergence
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Introduction

Precise Point Positioning (PPP) was firstly put forward
by Zumberge et al. (1997). Since then, many efforts have
been made to improve PPP performance. PPP Ambigu-
ity Resolution (PPP-AR) is proposed to shorten the con-
vergence time and obtain centimeter-level precision of
positioning right after ambiguity fixing (Laurichesse and
Mercier, 2007; Collins, 2008; Ge et al., 2008; Li et al,
2010; Chen, 2020). Multi-frequency algorithms are pro-
posed to explore the frequency resources (Geng et al,
2013; Xin et al.,, 2020; Li et al., 2020). With the devel-
opment of Global Navigation Satellite System (GNSS),
multi-GNSS PPP are proposed for joint processing in
order to improve the precision and shorten the con-
vergence time (Cai and Gao, 2007; Li et al,, 2015). The
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uncombined model is proposed as an alternative to ion-
ospheric-free model since it retains ionospheric param-
eters in the equations and is more rigorous (Boisits et al.,
2020; Keshin et al., 2006; Liu et al., 2017). Moreover, PPP-
RTK (Real-Time Kinematic) is proposed in order to over-
come the bottleneck of PPP, like long convergence time
(Odijk et al., 2016; Teunissen et al.,, 2010; Zhang et al.,
2022).

For a long time, PPP was generally performed in post-
processing mode because of the latency of the precise
orbit and clock products. To meet the demands in high
accuracy and real-time GNSS applications, the Real-
Time Working Group (RTWG) was established in 2001
and the Real-Time Service (RTS) started as a Real-Time
Pilot Project (RTPP) under the RTWG in 2007 (Weber
et al,, 2007). The RTS was operational in April 2013 with
the release of a website (www.igs.org/rts) containing the
links for user registration and the extensive information
on the service access. RTS provides the GNSS orbit and
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clock corrections that enable Real-Time PPP (RT-PPP)
and related applications, such as time synchroniza-
tion and disaster monitoring in worldwide scales (Bed-
ford et al., 2020; Chen et al.,, 2020). RTS is based on the
International GNSS Service (IGS) global infrastructure
of network stations, data centers, and analysis centers
that provide world standard high-precision GNSS data
products. Currently, as shown in Table 1, there are 10
real-time Analysis Centers (AC), including Bundesamt
fir Kartographie und Geodisie (BKG), the Institute of
Geodesy and Geophysics (IGG) of Chinese Academy
of Sciences (CAS), Centre National d’Etudes Spatiales
(CNES), Deutsches Zentrum fir Luft-und-Raumfahrt
(DLR), European Space Agency (ESA), GeoForschung-
sZentrum (GFZ), GMV Aerospace and Defense (GMV),
Natural Resources Canada (NRCan), Shanghai Astro-
nomical Observatory (SHAO), and GNSS Research
Center of Wuhan University (WHU). Here SHAO is not
presented since its mount-point is not found from cast-
ers during the experimental period (Feb. 2021). With the
development of RTS, RT-PPP has been a research hot-
spot due to the high demand of real-time users. The posi-
tioning accuracy of RT-PPP with RTS can be improved by
50% in comparison to that with IGS ultra-rapid products
(Elsobeiey & Al-Harbi, 2016). Zhang et al. (2018) indi-
cated that the accuracy of only Global Positioning System
(GPS) RT-PPP can be better than 10 cm in each coor-
dinate direction. With the development of other global
systems, multi-GNSS RT-PPP has attracted the great
interests of many researchers because of the increase in
the number of satellites as well as the enhancement of
satellite distribution geometry (de Bakker and Tiberius,
2017; Krzan and Przestrzelski, 2016). The multi-GNSS
RT-PPP was investigated with a combination of two sys-
tems (Liu et al.,, 2018) to four systems (Kazmierski et al.,
2018; Wang et al., 2018a, b). The convergence time can be
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improved by 30, 42 and 35%, respectively and positioning
accuracy by 26, 30 and 22%, respectively, in three coor-
dinate directions with GPS, GLObal NAvigation Satel-
lite System (GLONASS), BeiDou-2 Navigation Satellite
System (BDS-2) in comparison to the GPS-only RT-PPP
(Abdi et al., 2017).

The multi-GNSS RT-PPP undoubtedly can greatly
improve the positioning accuracy and shorten the con-
vergence time. However, the RTS is currently offered
only for GPS, while multi-GNSS products are still in the
stage of developing and testing. Thus, different ACs pro-
vide different RTS products, as shown in Table 1. Most
research is focused on the analysis of the RTS products
from one AC but few on the performance of the RTS
products from different ACs. Wang et al, (2018a, b)
assessed multi-GNSS real-time products from IGS RTS,
including GPS, GLONASS, Galileo navigation satellite
system (Galileo), and BeiDou Navigation Satellite System
(BDS). However, real-time products of BeiDou-3 Naviga-
tion Satellite System (BDS-3) was not evaluated since it is
still under construction at that time (Zhang et al., 2019).
Thus, it is necessary to comprehensively investigate the
quality of current multi-GNSS RTS products from dif-
ferent ACs as well as their performances in multi-GNSS
RT-PPP.

In this study, the RTS will be briefly introduced, includ-
ing the format of real-time products and the transmis-
sion protocol. Then the algorithm of recovering real-time
products for the PPP-users is elaborated. Next, the accu-
racies of real-time products from different ACs will be
analyzed by comparing them with post-processed prod-
ucts. Currently, many ACs provide multi-GNSS post-
processed products, where the precision of products
from different ACs is consistent with each other, while
the products of GFZ and WHU are more complete than
those of other ACs, especially for BDS (Montenbruck

Table 1 Details of mount-points of each AC (detailed naming convention of the mount-points can be referred to Table 2. Supported
systems: G, R, E, and C denote GPS, GLONASS, Galileo, and BDS, respectively.)

ACs Mount-points Supported systems Broadcast interval for orbit and Code bias provided Phase

clock corrections (s) bias
provided

IGS SSRA03IGS0 GREC 60, 5

CNES SSRCOOCNEO GREC 55 Yes Yes

WHU SSRCOOWHUO GREC 5,5

DLR SSRCOODLRT1 GREC 30,5

BKG SSRCO0BKGO G 60, 5

NRCan SSRAOONRCO G 5,5

ESA SSRCOOESAT G 5,5

GFZ SSRCO0GFZ0 GREC 5,5 Yes

GMV SSRCOOGMVO GRE 5,5(10,10) Yes

CAS SSRCOOCASO GREC 5,5
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et al,, 2017). Though WHU has many research on orbit
models of BDS (Wang et al., 2019; Zhao et al., 2017), we
cannot find the orbit models applied by WHU, especially
for solar radiation pressure model. Thus, precise post-
processed products from GFZ are selected as the refer-
ence in order to assess the internal accuracy of real-time
orbit and clock products from different ACs. Afterwards,
one-week kinematic RT-PPP results are examined to
evaluate the quality of real-time products with 14 Multi-
GNSS Experiment (MGEX) stations. Finally, some con-
clusions are given.

RTS implementation

Traditional PPP is generally post-processed due to the
latency of precise orbit and clock products, which is the
key limitation for RT-PPP. In the RTS, ACs provide the
real-time orbit and clock corrections with respect to
the navigation messages according to the Radio Techni-
cal Commission for Maritime Services (RTCM) 10,403.x
protocols. These corrections are broadcasted to global
users via internet based on Networked Transport of
RTCM via Internet Protocol (NTRIP) with very low
latency. Thus, the format of real-time products and the
usage of NTRIP are of great importance for real-time
users. In this section, the format of RTCM and NTRIP
will be briefly introduced.

In order to establish and maintain the standards and
protocols of real-time products, IGS joined the RTCM
Special Committee (RTCM-SC) 104 in 2008 and released
“RTCM STANDARD 10,403.1” for real-time products.
However, only GPS and GLONASS are supported with
the real-time products at that time. For further stand-
ardization and unification of the products of different
GNSSs, IGS released the “IGS State Space Representation
(SSR) Format V1.0” in Oct. 2020 (https://www.igs.org/
formats-and-standards). This standard supports not only
the four global GNSS systems, but also the regional sys-
tems of Quasi-Zenith Satellite System (QZSS) and Satel-
lite Based Augmentation Systems (SBAS).

NTRIP, consisting of server, caster and client, is recom-
mended as the standard transmission protocol of RTCM.
As a kernel component, the caster is responsible for not

Page 3 of 17

only receiving real-time products from the servers of
ACs, but also responding the users’ requests of real-time
products from the client (Standard, 2011). Thus, the real-
time users need to know the instructions about the caster
and the client. Currently, there are 10 casters providing
RTCM-SSR products. For each caster, users can choose
different mount-points for real-time products from dif-
ferent ACs. In 2019, RTWG announced a new naming
convention of “TTTTXXAAAF” in Table 2 (https://igs.
bkg.bund.de/ntrip/).

Algorithm of recovering real-time products

IGS ACs broadcast real-time products in the format of
RTCM-SSR. Compared to Observation State Representa-
tion (OSR), SSR consists of more correction details and
can be globally applied thanks to its location-independ-
ence. The orbit and clock products provided by IGS ACs
are essentially the corrections with respect to the broad-
cast counterparts. Therefore, this section will mainly
introduce how to use SSR products to recover high-pre-
cise orbit and clock products.

Recovery of precise orbit products

The IGS real-time orbit corrections in SSR include the
satellite position correction dO = [BOr 30, 80, ] T in
the spacecraft body fixed system at reference time o and
the satellite velocity correction do = [ESOV 80, BOC]T.
Then the orbit corrections at epoch ¢ is calculated as

30 = dO + dO(t — to) (1)

Since the positioning is usually conducted in Earth-
Centered- Earth-Fixed (ECEF) system, one needs
to convert the orbit corrections from the spacecraft
body fixed system to ECEF system using a coordinate
transformation:

X = | o 2 = ]so 2)
where r = Xp,qc and 7 = Xp,qc are the satellite position
and velocity calculated by using broadcast ephemeris.
The precise satellite position X, is obtained by

Table 2 Latest naming convention of the mount-points of NTRIP RTCM-SSR product

Components Details

TTTT Product type (SSRA: Antenna phase center SSR product; SSRC:
Center-of-mass SSR product; IONO: Real-time ionosphere
product)

XX Different schemes of SSR service of a same AC

AAA AC name

Format (0: RTCM 10,403.x; 1: 1GS SSR Format V1.0)
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Xpre = Xprde — 3X (3)

For Geostationary Earth Orbit (GEO) satellites, the
velocity 7ggo is computed as

. . . T
7GEO = Xprde + [ =2 Ybrde QeXbrdc 0] (4)

where Q, = 7.2921151467 x 10 °rad/s is the angular
velocity of earth around the Z axis.

Recovery of precise clock products

Similar to the orbit corrections in SSR, the real-time cor-
rections of clock error are the differences between the
precise clock error 8ty and the clock error 8¢p,4, com-
puted with broadcast ephemeris. However, different from
orbit corrections, the correction of clock error in SSR is
represented by three second-order polynomial coeffi-
cients, co, c1, ¢p at reference time ty. Then the correction
of clock error §c at the epoch time ¢ is

8¢ = co + c1(t — to) + ca(t — to)? (5)
Finally, the precise clock error 3tpye is
Stpre = Stprdc — 8¢/ Clight (6)

where 3t,,4c is the clock error calculated by broadcast
ephemeris. Cjigy represents the speed of light.

Currently, two types of broadcast ephemerides are
available for BDS and Galileo for different frequen-
cies, which are D1/D2 for B1I and B2I, CNAV1/CNAV2
for Blc and B2a for BDS and I/NAV for E1/E5b and F/
NAV for E1/E5a for Galileo (CSNO, 2016; European
Union, 2010). Users should select the broadcast ephem-
eris in terms of its data source IDentity (ID.)At present,
the broadcast ephemeris used for BDS and Galileo SSR
are mostly D1/D2 and I/NAYV, respectively. In addition,
the Issue of Data Ephemeris (IODE) for GPS and Galileo
can be directly obtained by decoding broadcast ephem-
eris while for GLONASS and BDS, it is calculated as (IGS
RTWG, 2020)

1
TR pE = INT<% x EMOD((Troc + 10800), 86400)

+0.5)
7)

TTOES
, 240
720 (8)

C
TSpE = FMOD(

where TI%DE and TI%DE are the IODE for GLONASS and
BDS, respectively. Ttoc is the reference time of GLO-
NASS clock error. Ttogs is the second of week converted
from the reference time of BDS clock, INT is the inte-
ger operator, and FMOD represents mod function. The
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detailed information can be referred to BKG Ntrip Client
(https://igs.bkg.bund.de/ntrip/download) and the RTCM
10,403 standard (RTCM Special Committee, 2016).

Accuracy evaluation of real-time products

The performance of RT-PPP is highly dependent on the
quality of real-time SSR products. Thus, it is of great
importance to systematically evaluate the quality of real-
time products from different ACs. The mount-points of
each AC shown in Table 1 are setup to receive one-week
real-time products, from Day of Year (DOY) 31 to 37
in 2021. The interruptions during the reception of cor-
rections are plotted in Fig. 1. Note that frequent inter-
ruptions during the test period have occurred for the
products from CAS. Therefore, the products from CAS
are not included for the following experiments. The GBM
post-processed orbit and clock products from GFZ are
taken as references (Deng et al., 2017). The following
details are considered in the comparisons.

1. The sampling interval are set to 5 min and 30 s for
orbit and clock corrections, respectively.

2. For some ACs, the precise satellite positions recov-
ered with their SSR corrections are referred to the
antenna reference points. However, the post-pro-
cessed orbits from GFZ are all referred to the mass
centers of satellites. In such a case, the satellite
antenna file (igsl4.atx) is applied to correct the satel-
lite positions from ACs.

3. The clock products provided by different ACs con-
tain corresponding singularity-basis, which could be
different with different ACs. In order to eliminate this
inconsistency among the time references of differ-
ent clock products, the between-satellite-differenced
clock errors are evaluated (Lou, 2008).

4. To eliminate the influence of gross errors on the sta-
tistical results, the results with three-dimensional
orbit errors larger than 10 m for GEO satellites and
2 m for other satellites are excluded in the following
analysis.

GPS real-time products

Figure 2 shows the Root Mean Square (RMS) values for
each GPS satellite in along-track, cross-track, and radial
directions from all ACs. Except that the orbit products
of G04, G14 and G18 satellites are not provided from
IGS03, all ACs provide the orbit corrections for all GPS
satellites. Overall, the accuracy of real-time GPS orbits
reaches a centimeter level for all ACs. The RMSs in radial
direction are smaller than those in the cross-track, while
those in the along-track are the largest. This is the com-
mon phenomenon in GNSS orbit since the observation
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Fig. 1 Histograms of the durations of interruption (total duration of interruption for each AC is shown in top-right of each subplot)

directions are mostly around the radial direction rather
than for the cross-track and along-track directions. The
RMSs in the radial from most ACs are around 0.02 m
except GFZ and GMV where it is at the level of 0.04 m.
Note that the RMS of G20 is significantly larger than that
of other satellites for all ACs, which may be due to the
maneuvering characteristics of G20 satellite.

For the evaluation of clock products, we selected the
satellite GO1 as the reference satellite, where the refer-
ence satellite can be selected randomly since the choice
of the reference satellite has nearly no effect on the result.
Figure 3 shows the Standard Deviations (STD) of GPS
satellite clock errors for different ACs. The clock prod-
ucts from CNES are the best with mean STD of about
0.1 ns for all GPS satellites, while they are the worst
from IGS03 and DLR with the mean STD of 0.214 ns and
0.284 ns, respectively. Zero-difference integer ambiguity
fixing is adopted for real-time products from CNES (Lau-
richesse et al., 2009), while for other ACs generally use

float solution. This is the main reason that CNES clock
products are more precise.

Galileo real-time products
Six ACs, ie., IGS, CNES, DLR, GFZ, GMV, and WHU
provide Galileo real-time products (see Table 1). How-
ever, the systematic biases are found for IGS03, i.e., 1.1 m
for GLONASS, 0.7 m for Galileo, and 1.4 m for BDS,
which may be caused by the anomalies when synthesiz-
ing real-time clock products from each AC. Hence, the
mountpoint IGS03 will not be taken into account in the
following comparison of GLONASS, Galileo, and BDS.
Figure 4 shows the RMSs of Galileo orbit products in
along-track, cross-track, and radial directions, respec-
tively. The ACs CNES and DLR provided the real-time
orbit products for 24 satellites, while GFZ and GMW
did not for the satellites of E14 and E18 and WHU also
not for the satellites of E24, E25, E26, and E36. In theory,
ACs should provide precise products for all satellites in
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real time. However, many events may cause the prod-
uct incomplete, such as the interruptions of correction
stream as shown in Fig. 1 as well as different quality con-
trol methods adopted by different ACs. All ACs can pro-
vide real-time orbit products at centimeter level, among
which CNES outperforms the others, ie., 2.6, 4.2 and
3.2 cm for radial, along-track, and cross-track directions,
respectively.

Figure 5 shows the STDs of Galileo clock errors from
five ACs with EO1 as the reference. The result of CNES
has the best quality with the mean STD of 0.107 ns. The
mean STD is 0.132, 0.148 and 0.191 ns for the products
from GMYV, DLR and GFZ, respectively, while the worst
one is from WHU with STD of 0.238 ns.

GLONASS real-time products

Figure 6 shows the RMSs of GLONASS real-time orbits
in radial, along-track, and cross-track directions, which
are provided by CNES, DLR, GFZ, GMYV, and WHU.

Only 18 GLONASS satellites were available, and five
satellites (from RO8 to R11 and R23) were invalid in
the test period (https://www.glonass-iac.ru/en/cus/).
Generally, the orbit RMSs of GLONASS are larger than
those of GPS and Galileo in all three directions due to
the difficulty in GLONASS ambiguity resolution (float
ambiguities are usually adopted for GLONASS) (Li
et al.,, 2015). The orbit accuracies from different ACs
are comparable, with the RMS of about 10 cm in the
along-track and 4 cm in the radial.

Figure 7 shows the STD values of GLONASS real-
time clock errors provided by CNES, DLR, GFZ, GMYV,
and WHU with RO1 as reference satellite. The mean
STD is much larger than that of Galileo and GPS. The
large STD is mainly due to the poor performance of
GLONASS’s cesium atomic clock. Comparing the
results from ACs, the smallest STD of clock errors is
from CNES, while the largest STD from WHU. They
are 0.41 and 0.65 ns, respectively.
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Fig. 3 The STDs of real-time GPS clock errors from different ACs with GO1 as reference (mean STD of clock errors for all GPS satellites is shown in

BDS real-time products
In the testing period, four ACs provided BDS real-time
products, including CNES, DLR, GFZ, and WHU. Spe-
cifically, WHU provided the products of 41 BDS satel-
lites and CNES 31 satellites. However, GFZ only provided
the products of BDS-2 satellites (from CO01 to C16), while
DLR only provided products of some BDS-3 satellites
(from C19 to C37). In order to comprehensively analyze
the real-time SSR products, they were separately com-
pared for GEO, Inclined Geosynchronous Orbit (IGSO),
and Medium Earth Orbit (MEO) satellites of BDS-2
and BDS-3. In the evaluation of clock errors, C16 was
selected as the reference for BDS-2 and C37 for BDS-3.
Figure 8 shows the RMSs of BDS-2 real-time orbits
in radial, along-track, and cross-track directions pro-
vided by CNES, GFZ, and WHU. The accuracies of
BDS-2 orbits are comparable among three ACs, though
they had different satellite types. GEO satellites shows
the largest RMS values at meter level in the along-track
and the cross-track directions and decimeter level in
the radial direction. For IGSO satellite, the RMS is at
centimeter level in the radial direction and decimeter

level in both along-track and cross-track directions. For
MEO satellites, the RMS is at centimeter level for all
directions.

For BDS-3, WHU provided the most complete and
best real-time products, as shown in Fig. 9. The RMSs
are 5.1, 9.6 and 6.0 cm for MEO satellites, and 0.17,
0.24 and 0.23 m for three IGSO satellites (from C38 to
C40) in radial, along-track, and cross-track directions,
respectively. Obviously, the accuracy of BDS MEO
orbits is lower than that of GPS and Galileo. In past
several years, many studies have carried out to refine
the BDS satellites’ yaw attitude and solar radiation
pressure model (Dai et al,, 2015; Wang et al.,, 2018a,
2018b; Zhao et al., 2017) that both have great impacts
on the orbit quality. However, the refined models are
still not as precise as those used in GPS satellites, and
the specific implementation strategies of these models
by different ACs are not mentioned in the file of “analy-
sis strategy summary” (https://files.igs.org/pub/center/
analysis/). It implies that the different ACs may apply
the different dynamic models. This inconsistence could
cause the lower accuracy of BDS MEO orbits.


https://files.igs.org/pub/center/analysis/
https://files.igs.org/pub/center/analysis/
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Figure 10 shows the STDs of BDS-2 clock errors for
GEO, IGSO, and MEO satellites. Consistent with the
orbit quality, the mean STD of clock errors for GEO
satellites is about 1 ns, much larger than that of IGSO
and MEO satellites. The mean STD for MEO satellites
is about 0.5 ns, which is larger than those of GPS and
Galileo.

Figure 11 shows the STDs of clock errors for BDS-3
satellites from different ACs. In general, the preci-
sion of BDS-3 clock products is better than that of
BDS-2. For MEO satellites, the STDs are 0.242 0.350
and 0.347 ns for the products from CNES, WHU, and
DLR, respectively. The clock errors from C38 to C46 of
WHU are relatively larger, probably due to the number
of the stations used for clock error generation. Though
MGEX stations provide BDS-3 observations, but most
of them only observed from C19 to C37 in the testing
period. After excluding MEO satellites from C41 to
C46, the mean STD of WHU is reduced to 0.2616 ns,
which is comparable to that of CNES. The mean STD
of clock errors for BDS-3 IGSO satellites from WHU is
0.680 ns.

Real-time PPP with real-time products from different ACs
In order to further assess the performance of the real-time
products, we carried out real-time PPP with the products.
14 well distributed MGEX stations were selected, as shown
in Fig. 12. The testing period is the same as therefore, i.e.,
DOY 31-37 in 2021. The dual-frequency ionospheric-free
model was used. In terms of the product quality for three
types of BDS satellites, the weights are usually set unequal
for the observations of GEO, IGSO satellites, and obser-
vations of MEO satellites (Yang et al., 2014; Zhou et al,,
2018). The weights of GEO, IGSO, and MEO observations
in our software are 1, 5, 15, respectively (Li et al., 2019).
The coordinate parameters are modelled as random-walk
with process noise of 60°> m%/s to simulate kinematic situ-
ation. The parameters and settings of PPP processing are
presented in Table 3. Recently, Psychas et al. (2022) have
demonstrated that the stochastic contribution of SSR orbit
and clock corrections is quite important for real-time PPP
AR. In this article, PPP float solution is adopted and the
stochastic contribution of SSR corrections isn’t considered
yet. This could be investigated in the near future.
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In the experiment, the software MUSIP V2.0 developed
by the GNSS group in Tongji University (Li et al., 2019)
was adopted for real-time kinematic PPP. The station
coordinates from IGS SINEX file were used as reference
(Kouba, 2009). The convergence time is defined as the
first epoch (time) where the errors of east/north/up com-
ponents converge to better than the thresholds of 0.1, 0.1,
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Fig. 12 Distribution of 14 selected MGEX stations in the PPP
experiments

0.2 m and holds for at least 60 consecutive epochs which
corresponds to 30 min (Abdi et al., 2017).

Figure 13 shows the GPS real-time kinematic PPP
errors by using the real-time products from each AC at
station CUTO on DOY 36, 2021. A jump at around hour
6 for IGS03 products is due to the reconvergence caused
by the interruption of IGS03 GPS corrections. Overall,
the GPS-only real-time kinematic PPP can converge to
decimeter or even centimeter level by using the products
from CNES, ESA, GFZ, and WHU.

Table 4 presents the averaged RMSs and convergence
times of real-time kinematic PPP for the single sys-
tem of GPS, Galileo, or BDS. Due to the quality of the
products, the positioning results with DLR and IGS03
are not as good as those with other ACs. The RMS val-
ues with of DLR products are 6.94, 6.98 and 12.81 cm in
east, north, and up, respectively, with convergence time
of 49 min. The GPS-only positioning accuracy of GFZ is
the highest with 2.48, 1.97 and 5.67 cm for east, north,
and up directions, respectively. For Galileo, the position-
ing results of CNES and GFZ are comparable. The mean
RMSs are about 4.52, 3.80 and 8.06 cm. For BDS with the
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Table 3 Strategies for real-time kinematic PPP

Items

Correction model or estimation strategy

Satellites

Observations

Satellite orbit and clock
Sampling interval
Cutoff elevation
Observation weight

Phase-windup effect
PCO/PCV

Relativistic effects
Solid tide

Ocean loading
Pole tide
Coordinates
Receiver clock
Troposphere

Carrier-Phase ambiguities

GPS, Galileo, BDS and GLONASS
lonosphere-free code and phase combinations
Navigation message and SSR from different ACs
30s

10°

Pseudo range noise: 0.5 m; Carrier phase noise: 3 mm
Elevation-dependent (based on sine of elevation)

Corrected according to Wu et al. (1992)

GPS, Galileo and GLONASS: corrected with igs14.atx (Dawidowicz, 2018)
BDS only correct Phase Center Offset (PCO)

Corrected

International Earth Rotation and Reference Systems Service (IERS) Conventions 2010 (Petit & Luzum, 2010)
IERS Conventions 2010 (Petit & Luzum, 2010)

IERS Conventions 2010 (Petit & Luzum, 2010)

Initial values are from Stand Point Positioning (SPP), process noise: 60°m? /s

Initial value is from SPP, process noise: 60> m? /s

A priori model (Saastamoinen, 1972) and Global Mapping Function (GMF) (Boehm et al., 2006) are used
and zenith wet delay is estimated as random walk noise. Initial value: 0.15 m, process noise: 1 x 1078 m%/s
Initial value:N; = & — P + 2%/1,jdemotes frequency index,

process noise: 0 (i.e., as constant)
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8
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Fig. 13 GPS real-time kinematic PPP errors of different ACs at station CUTO on DOY 36, 2021
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Table 4 The averaged RMS (cm) in three coordinate components of East (), North (N) and Up (U) as well as the convergence time
(Abbreviated as CT in Table) (min) of RT kinematic single-system PPP errors for GPS, Galileo and BDS systems with the products from

different ACs
AC GPS Galileo BDS

E N U cT E U cT E N (V) cT
IGS03 6.18 525 1248 38.34 - - - - - - -
NRC 3.90 3.92 8.67 40.78 - - - - - - -
BKG 417 3.37 6.91 69.76 - - - - - - -
CNEO 3.59 299 6.00 43.10 458 3.86 793 67.74 563 3.66 6.14 52.32
DLR 6.94 6.98 12.81 49.00 7.74 5.89 1230 1023 - - - -
ESA 2.85 215 6.08 33.85 - - - - - - -
GFz 248 1.97 5.67 34.80 445 3.74 8.12 75.17 - - - -
GMV 340 229 6.51 45.38 4.79 8.76 80.63 - - - -
WHU 2.79 191 6.41 3537 6.78 4.62 10.13 91.14 643 445 9.31 614

CNES products, the mean RMSs are about 5.63, 3.66 and
6.14 cm with the convergence time of 52.32 min.

Figure 14 shows the real-time kinematic PPP errors
with different system combinations by using the real-
time products from CNES. The BDS-only results are
unstable during hour 20-hour 24 with 0.4 m varia-
tions in height component, which is mainly due to the

limited number of visible satellites as well as the quality
of relevant corresponding products as described in the
last section. Because of the advantages of multi-system
combination, i.e., the reduced PDOP and the increased
number of visible satellites, the real-time kinematic
PPP errors become stable for GC, GE, GR, and GREC.
In particularly, the four-system combination of GREC
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Fig. 14 Kinematic PPP errors of different system combinations with CNES real-time products at station CUTO on DOY 36, 2021
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obtains quite stable solutions with the shortest conver-
gence time.

Table 5 summarizes the mean RMSs and convergence
times of multi-GNSS real-time kinematic PPP with
GC, GE, GR, and GREC, respectively. Compared with
the single system results, the multi-GNSS combination
gives higher positioning accuracy and shorter conver-
gence time. The performances of all dual-system com-
binations are comparable with the accuracy of about
2.1, 1.5 and 4.8 cm in east, north and up directions,
respectively, and the convergence time of about 30 min
for CNES, GFZ, and WHU. For GREC combination, the
product of CNES gives the best results with positioning
accuracy of 1.76, 1.12 and 2.68 cm in east, north, and
up directions, respectively and the convergence time
of about 15 min. The product of WHU is slightly worse
than those of CNES. Its corresponding accuracy is
1.79, 1.54 and 2.78 cm in east, north and up directions,
respectively, and the convergence time is 18.75 min.
The results of DLR are worse than those of other ACs
because of the poor quality of its products as aforemen-
tioned. As a comparison, the ambiguity-float multi-
GNSS PPP with IGS final products usually takes about
10 min to converge to 10 cm for 2D positioning errors
and the positioning accuracy is about 3 cm for 3D coor-
dinates (Glaner and Weber, 2021). The slightly shorter
convergence time and smaller positioning errors are
mainly caused by the final IGS precise orbit and clock
products.
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Conclusions

This article evaluated the real-time orbit and clock prod-
ucts in SSR format from different ACs. The decoding
format of real-time products and the recovery principle
of real-time precise orbit and clock information were
introduced. With one-week real-time products, we com-
prehensively evaluated the quality of the products by
comparing them with GFZ precise products and their
usage in kinematic PPP. The conclusions are as follows.

1. So far, total of 10 ACs provide the real-time orbit and
clock SSR products. In order to further standardize
the RTS service, two decoding formats, i.e, RTCM
V3.x and IGS SSR Format V1.0, are applied currently
for the real-time correction products.

2. All ACs provide GPS real-time products, but only
some of them provide the products for four GNSSs.
In general, the product quality in the order from high
to low is for GPS, Galileo, BDS-3, GLONASS, and
BDS-2. Regarding the comparison among ACs, both
CNES and WHU provide more complete products,
and the service of CNES is the most stable with high-
est accuracy. Overall, the accuracies of orbit products
of GPS, GLONASS, Galileo, BDS MEO can reach
centimeter level, while only decimeter or meter level
for BDS IGSO and GEO satellites. The clock prod-
ucts of GPS and Galileo have the error of smaller
than 0.2 ns, much better than those of BDS and
GLONASS. However, the mountpoint I1GS03, which

Table 5 The averaged RMS (cm) in three coordinate components of East (£), North (N) and Up (U) as well as the convergence time
(Abbreviated as CT in Table) (min) of real-time multi-GNSS kinematic PPP for different ACs

Contents CNES DLR GFzZ GMV WHU
GC E 3.01 4.67 2.10 - 252
1.36 3.89 1.56 - 1.79
U 432 574 533 - 4.77

cT 273 3940 2260 - 2342
GE E 2.99 433 2.01 245 2.35
1.25 345 141 1.87 1.87
U 3.87 4.96 4.76 4.34 503

cr 26.79 3176 2445 2745 27.74
GR E 323 4.55 213 287 245
145 335 1.77 2.12 1.67
u 4.97 5.25 513 576 6.03

cT 29.70 3579 2733 28.78 29.05
GREC E 1.76 394 1.78 - 1.79
1.12 278 1.23 - 1.54
u 268 423 364 - 2.78

cT 15.35 2842 1943 - 18.75
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is the IGS’s combination of other streams, does not
perform as good as other streams in testing period.

3. In terms of real-time PPP results using real-time
products from different ACs, the products of CNES,
GFZ, and WHU can obtain the stable PPP solutions,
while the products of other ACs perform slightly
worse. Regarding the GNSS systems, GPS outper-
forms the other systems and can give the centimeter
level positioning accuracy. However, the convergence
time is longer than 30 min for all single-system sit-
uations. The multi-GNSS real-time PPP can sig-
nificantly improve the accuracy to 1.76, 1.12, and
2.68 cm in east, north, and up directions, respectively
and shorten the convergence time to 15 min.
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