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Abstract

Multi-global navigation satellite system (GNSS) real-time (RT) single-frequency (SF) positioning with a low-cost receiver has received
increasing attention in recent years due to its large amount of possible applications. One major challenge in single-frequency positioning
is the effective mitigation of the ionospheric delays since it is a dominant error source. Nowadays, a high-precision RT ionospheric ver-
tical total electron content (VTEC) product is released by the Centre National d’Etudes Spatiales (CNES) through its real-time service
(RTS). The effect of this product on RT single-frequency positioning needs to be investigated. In this study, we provide an evaluation of
the quality of multi-GNSS CLK93 orbit and clock products through the comparison to the final precise products, and comprehensively
evaluate the impact of CNES VTEC products on multi-GNSS RT-SF-SPP (Standard Point Positioning)/PPP (Precise Point Positioning)
performances. Datasets from 46 Multi-GNSS Experiment (MGEX) stations and the CLK93 corrections for 14 consecutive days in 2019
are collected to process with different scenarios. Experimental results show that the CNES VTEC products can replace the final GIM
products in the single- and multi-GNSS SF-SPP with the same positioning accuracy requirements during the period of mild solar activity
(Kp index is less than 3). Regarding the kinematic RT-SF-PPP, the (re-)convergence also can be improved by adopting the prior CNES-
VTEC constrains. Compared with the IF RT-SF-PPP with quad-constellation, the positioning accuracy of the CNES-VTEC-constrained
RT-SF-PPP can be improved by about 10.30%, in which the average RMS can achieve 17.9, 19.8 and 32.3 cm in the North, East and Up
components, respectively.

Compared with the final precise products of GBM, the satellite orbit accuracy of CLK93 products is 4, 5, 12 and 16 cm for GPS,
Galileo, GLONASS and BDS, respectively. As for the CLK93 satellite clock, its RMS accuracy of GPS, Galileo, GLONASS and
BDS is 0.3, 0.4, 2.5 and 1.8 ns, respectively.
� 2020 COSPAR. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

With the rapid development of multi-frequency and
multi-global navigation satellite system (GNSS), standard
point positioning (SPP) and precise point positioning
(PPP), as the absolute positioning techniques with a
stand-alone GNSS receiver, has been widely used in numer-
ous fields such as vehicle navigation, meteorology and nat-
ural hazard monitoring(Zumberge et al., 1997; Kouba and
Heroux, 2001; Zhang and Andersen, 2006; Jin et al., 2017;
Wang et al., 2019b). In general, dual-frequency (DF) PPP
has the ability to provide millimeter-level and centimeter-
level positioning accuracy in static and kinematic mode,
respectively (Li et al., 2011, 2013). However, the cost of
the geodetic multi-frequency GNSS receiver limits its com-
mercial application, and a great number of possible real-
time applications only require sub-meter-level or
decimeter-level positioning accuracy. Therefore, real-time
single-frequency precise point positioning (RT-SF-PPP)
with a low-cost receiver has attracted great attention in
the GNSS market (van Bree and Tiberius, 2012; de
Bakker and Tiberius, 2017; Odolinski and Teunissen,
2017).

The biggest error source for single-frequency position-
ing is the ionospheric delay, as it cannot be eliminated pre-
cisely and may lead to the range errors of 100 m in
navigation signal during solar activity (Liu and Yang,
2016). Nowadays, several broadcast ionospheric models
can be employed to mitigate the ionospheric effect in RT
single-frequency positioning. The Klobuchar model broad-
casted in the broadcast ephemeris is widely used by both
GPS and GLONASS users in RT mode, which has the
advantages of simple structure and high efficiency, but
the ionospheric errors can only be mitigated by 50%
(Feess and Stephens, 1987; Klobuchar, 1987). For the
European Galileo, a high complexity model named
NeQuick has been established and can mitigate approxi-
mately 70% ionospheric errors for single-frequency users
(Bidaine, 2012). As to the second phase of the Chinese Bei-
Dou navigation satellite system (BDS-2), the satellites
broadcast an improved Klobuchar model named CIM
(COMPASS Ionospheric Model), which can correct for
around 65% of the ionospheric errors (Wu et al., 2013).
With the completion of the BDS-3 since the end of 2018,
a BeiDou global broadcast ionospheric delay correction
model (BDGIM) is proposed and can mitigate around
77% ionospheric errors on the global scale (Yuan et al.,
2019). Besides, Hoque and Jakowski (2015) proposed an
alternative ionospheric correction algorithm called
Neustrelitz TEC broadcast model (NTCM-BC), its perfor-
mance is comparable to the NeQuick model and as easy to
compute as the Klobuchar model. Although these above-
mentioned ionospheric models support RT processing,
their relatively low accuracy of the ionospheric model can-
not meet the requirements of high-precision RT single-
frequency users.
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Since 1 April 2013, an open-access real-time service
(RTS) has been launched by the International GNSS Ser-
vice (IGS). Currently, available RTS products, including
the satellite orbit corrections, clock corrections, code bias
and phase bias as well as the vertical total electron content
(VTEC) message, are formatted into state space representa-
tion (SSR) messages (RTCM Special Committee 2016).
Using these messages, RT-PPP can be conducted by GNSS
single or multi-frequency receivers anywhere in the world.
the Centre National d’Etudes Spatiales (CNES) is provid-
ing the VTEC products and other corrections though its
two RTS streams (CLK92 and CLK93) including GPS,
GLONASS, BDS and Galileo satellites (Zhang et al.,
2019a). Roma et al. (2016) showed the initial results of
CNES VTEC products referenced to six different Global
Ionospheric Maps (GIMs) for 15 days. Nie et al. (2019)
evaluated the quality of CNES VTEC products for 374
consecutive days and conducted RT-SF-PPP experiments
using Multi-GNSS Experiment (MGEX) static data and
automotive kinematic data. The result showed that the root
mean square (RMS) of CNES VTEC products compared
with the IGS final GIM is about 1–3 TECU, and the
RT-SF-PPP using this ionosphere product can achieve
sub-meter-level and meter-level positioning accuracy in
horizontal and vertical components, respectively. To
improve the convergence of RT-PPP, the CNES VTEC
products are applied to undifferenced and uncombined
RT-PPP as an extra constraint due to their high-precision
(Liu et al., 2018). On the one hand, the majority of current
contributions mainly focused on the validation and perfor-
mance evaluation of RT-DF-PPP using RTS orbit and
clock corrections. On the other hand, the previous studies
only concerned the contribution of CNES VTEC products
to single- or dual-constellation (e.g. GPS/GLONASS,
GPS/Galileo) SF-PPP users. With the development of
multi-GNSS and IGS RTS, it is necessary to perform more
comprehensively performance evaluation of RT-SF-PPP
with quad-constellation using the CNES VTEC products
as a priori constrain. Besides, up to now, there is no liter-
ature dedicated to the impact of CNES VTEC products
on SF-SPP positioning performance. The numerical results
will be generated in this work.

Firstly, we briefly introduce the GPS + GLONASS +
BDS + Galileo combined model for SF-SPP/PPP and
RT processing strategies. Next, the quality of RT orbit,
clock and VTEC messages from the CLK93 stream is
investigated. Thereafter, a comprehensive analysis of the
contribution of CNES VTEC products to multi-GNSS
SF-SPP/PPP is performed. Finally, some findings of this
paper are summarized.
2. Multi-GNSS positioning models

The original multi-GNSS code and phase observation
equations on the frequency i at a particular epoch can be
expressed as (Li et al., 2015)
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P s;Q
r;i ¼ qs;Q

r þ cðdtr � dts;QÞ þ hs;Q þ Trops;Qr þ Ionos;Qr;i

þ dr;i � ds;Q
i þ xs;R

r;i þ es;Qr;i

Us;Q
r;i ¼ qs;Q

r þ cðdtr � dts;QÞ þ hs;Q þ Trops;Qr � Ionos;Qr;i

þ ks;Qi � Ns;Q
r;i þ br;i � bs;Qi þ ns;Qr;i

8>>>>>><
>>>>>>:

ð1Þ
where the indices s, r and i represent the satellite, recei-

ver and frequency, respectively. The superscript Q is satel-
lite system (i.e. G for GPS, R for GLONASS, C for BDS, E

for Galileo). P s;Q
r;i and Us;Q

r;i denote the observed code and

phase in meters, respectively; qs;Q
r is the geometric range

between the satellite and receiver antennas in meters; cis
the light velocity in meters per second; dtrand dts;Qare the
receiver and satellite clock offsets in seconds, respectively.

hs;Q is the satellite orbit error in meters; Trops;Qr and

Ionos;Qr;i is the slant tropospheric delay and slant ionospheric

delay in meters, respectively; kr;Qi is the carrier wavelength

of frequency i in meters per cycle; Ns;Q
r;i is the integer phase

ambiguity in cycles; dr;i and ds;Q
i are code hardware delays

for the receiver and satellite in meters, respectively; br;i and
bs;Qi are phase hardware delays for the receiver and satellite
in meters, respectively. Different from other satellite sys-
tems, GLONASS adopts frequency division multiple access
(FDMA) technique to distinguish signals from different
satellites, the GLONASS satellite-specific frequency-

dependent biases (i.e., inter-frequency biases, IFBs) xs;R
r;i

need to be considered. In our study, the IFBs are modeled

as a linear function of channel numbers in SF-PPP. es;Qr;i and

ns;Qr;i are the noise of code and phase measurements in

meters.
2.1. Single-frequency SPP

SPP plays a vital role in the RT positioning, navigation
and timing (PNT) services due to its simple model and high
calculating efficiency. As for SF-SPP, the three-
dimensional (3D) coordinates of receiver x and receiver
clock error dtr can be determined by at least four satellites

observations. The satellite orbit hs;Q and clock dts;Q are cal-
culated from the broadcast ephemeris. Both tropospheric

errors Trops;Qr and ionospheric errors Ionos;Qr;i are usually

corrected by the external models. Besides, noted that the
inter-system bias (ISB) parameters should be estimated in
multi-GNSS processing since the different constellations
have different time systems (Wanninger, 2012; Torre and
Caporali, 2015; Zhou et al., 2019). The GPS receiver clock
is selected generally as a reference, hence, the GPS + GLO
NASS + BDS + Galileo SF-SPP models can be rewritten
as

P s;G
r;i ¼ xr þ c � dt�r þ es;Gr;i

P s;R=C=E
r;i ¼ xr þ c � ðdt�r þ ISBR=C=E

r Þ þ es;R=C=Er;i

(
ð2Þ
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dt
�
r ¼ dtr þ dr;i ð3Þ

where dt
�
r is the new GPS receiver clock offset containing

the code hardware delay of receiver. The timing group
delay (TGD) parameters can be used to correct the satellite
code hardware delay. Therefore, three types of parameters
to be estimated in multi-GNSS SF-SPP are as follows

V ¼ ½x; dt�r; ISBR=C=E
r � ð4Þ
2.2. Ionosphere-free single-frequency PPP

Thanks to the ionospheric delay of one satellite have the
same values but with the opposite sign in the code and
phase observations, a linear ionospheric-free (IF) com-
bined model named GRoup And PHase Ionospheric Cor-
rection (GRAPHIC) is widely utilized in SF-PPP (Cai
et al., 2013). Since the number of the GRAPHIC observa-
tion equations derived from single-frequency code and
phase measurements is half of that of the traditional SF-
PPP model, the code observations are required to avoid
the rank deficiency (Montenbruck, 2003). It is worth noting
that the ionospheric delay in the code observations is cor-
rected by the CNES VTEC products from the CLK93
stream in this study. As to the tropospheric delay, most
of them are corrected by the external model, and the resid-
ual errors are estimated as a random-walk noise process.
The CLK93 orbit and clock products are used to fix the
satellite orbit and clock offsets in RT-SF-PPP. Thus, the
IF multi-GNSS SF-PPP models can be expressed as

P s;G
r;i ¼ xþ c � dt�r þMws;G

r � ZWDr þ es;Gr;i

P s;R
r;i ¼ xþ c � ðdt�r þ ISBR

r Þ þMws;R
r � ZWDr þ xs;R

r;i þ es;Rr;i

P s;C=E
r;i ¼ xþ c � ðdt�r þ ISBC=E

r Þ þMws;C=E
r � ZWDr þ es;C=Er;i

8>><
>>:

ð5Þ

Ps;G
r;i þ Us;G

r;i

2
¼ xþ c � dt�r þMws;G

r � ZWDr þ ks;Gi �N�
s;G

r;i

2
þ es;Gr;IF

Ps;R
r;i þ Us;R

r;i

2
¼ xþ c � ðdt�r þ ISBR

r Þ þMws;R
r � ZWDr þ ks;Ri �N�

s;R

r;i

2
þ xs;R

r;i

2
þ es;Rr;IF

Ps;C=E
r;i þ Us;C=E

r;i

2
¼ xþ c � ðdt�r þ ISBC=E

r Þ þMws;C=E
r � ZWDr þ ks;C=Ei �N�

s;C=E

r;i

2
þ es;C=Er;IF

8>>>>><
>>>>>:

(6)

dt
�
r ¼ dtr þ br;i þ dr;i

2
ð7Þ

where Mws
r is the mapping function of zenith tropo-

spheric wet delay; ZWDr is the zenith tropospheric wet
delay in meters; esr;IF is the noise of IF observations in

meters. In summary, six types of parameters to be esti-
mated in IF multi-GNSS SF-PPP are as follows (Li
et al., 2020)

V ¼ ½x; dt�r; ZWDr; ISBR=C=E
r ;xs;R

r;i ;N
� s;G=R=C=E

r;i � ð8Þ
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2.3. Ionosphere-constrained single-frequency PPP

In the undifferenced and uncombined SF-PPP, the iono-
spheric delay can be estimated as an unknown parameter.
Many studies have shown that proper constraints for the
ionospheric parameter can improve SF-PPP performance,
especially in terms of convergence (Choy et al., 2008;
Juan et al., 2012; Shi et al., 2012; Zhang et al., 2013).
The process strategies of the satellite orbit, satellite clock
offsets and the residual tropospheric delay are the same
as in Section 2.2. The ionosphere-constrained (IC) SF-
PPP can be expressed as

P s;G
r;i ¼ xþ c � dt�r þMws;G

r � ZWDr þ Ionos;Gr;i þ es;Gr;i

P s;R
r;i ¼ xþ cðdt�r þ ISBR

r Þ þMws;R
r � ZWDr þ Ionos;Rr;i þxs;R

r;i þ es;Rr;i

P s;C=E
r;i ¼ xþ cðdt�r þ ISBC=E

r Þ þMws;C=E
r � ZWDr þ Ionos;C=Er;i þ es;C=Er;i

8>><
>>: ð9Þ

Ls;G
r;i ¼ xþ c � dt�r þMws;G

r � ZWDr � Ionos;Gr;i þ ks;Gi �N�
s;G

r;i þ ns;Gr;i

Ls;R
r;i ¼ xþ cðdt�r þ ISBR

r Þ þMws;R
r � ZWDr � Ionos;Rr;i þ ks;Ri �N�

s;R

r;i þ ns;Rr;i

Ls;C=E
r;i ¼ xþ cðdt�r þ ISBC=E

r Þ þMws;C=E
r � ZWDr � Ionos;C=Er;i þ ks;C=Ei �N�

s;C=E

r;i þ ns;C=Er;i

8>>>><
>>>>:

ð10Þ

c ¼ Ionos;G=R=C=Er;i þ ec ð11Þ

Noted that the above dt
�
r is the same as equation (3). A

virtual observation equation (11) is introduced to the SF-
PPP to solve the problem of rank deficiency. The setting
of the weight of virtual ionospheric constraints can refer
to (Zhang et al., 2013; Wang et al., 2019a), and the variance
of the zenith ionospheric delay can be defined as 0.25 m2.
Therefore, seven types of parameters to be estimated in
IC multi-GNSS SF-PPP are as follows (Li et al., 2020)

V ¼ ½x; dt�r; ZWDr; ISBR=C=E
r ;xs;R

r;i ; Iono
s;G=R=C=E
r;i ;N

� s;G=R=C=E

r;i �
ð12Þ
3. Data description and processing strategy

3.1. Dataset

To evaluate the impact of CNES VTEC products on the
multi-GNSS SF-SPP/PPP performance, GPS, GLONASS,
Fig. 1. Distribution of the selected 46 MGEX stations.
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BDS and Galileo observation datasets collected from 46
MGEX stations are selected, which covered 14 days of
DOY (Day of Year) 117–130 in 2019. These selected sta-
tions are globally evenly distributed, as shown in Fig. 1.
It should be noted that the datasets are collected in the post
mode, whereas SF-SPP/PPP is simulated in the RT mode,
where the real-time corrections of orbit, clock and iono-
spheric data from CLK93 are also archived in files, and
later they are read epoch-by-epoch like real-time ‘‘stream”

and the kinematic solutions are derived.

3.2. Processing strategy

A software named Net_Diff was used to conduct SF-
SPP/PPP in this test. Net_Diff is a software for GNSS
download, positioning and analysis, which is developed
by GNSS Analysis Center, Shanghai Astronomical Obser-
vatory, Chinese Academy of Sciences and supports both
desktop and online versions (Chen et al., 2020; Zhang
et al., 2020). The details of how this actually works can
refer to the website (http://202.127.29.4/shao_gnss_ac/
Net_diff/Net_diff.html). As for SF-SPP, both satellite
orbits and clock offsets are corrected by the broadcast
ephemeris. Due to the difference of signal in space range
error (SISRE) accuracy between different GNSS, a proper
stochastic model provided by Zhang et al. (2019b) is
adopted in this processing. Concerning SF-PPP, the RT
precise orbit and clock offset products are used, which
are computed from the CLK93 orbit and clock corrections
as well as the broadcast ephemeris (Elsobeiey and Al-
Harbi, 2016; Kazmierski et al., 2018a). The standard devi-
ation of code and phase observations for GPS and Galileo
is set to 0.3 m and 0.003 m, respectively. According to the
precision of RT orbit and clock from the CLK93 stream in
Section 4.1, the standard deviation of observations for
GLONASS is set as twice as that of GPS, while for BDS
IGSO (Inclined Geosynchronous Orbit)/MEO (Medium
Earth Orbit), its standard deviation is set as four times as
that of GPS. Noted that BDS GEO (Geostationary Earth
Orbit) satellites are excluded in this experiment as the cor-
responding accuracy of their RTS products is too low to
meet the demands of SF-PPP (Wang et al., 2018; Cao
et al., 2018). Adopted models and process strategies for
multi-GNSS SF-SPP/PPP are presented in Table 1. In this
study, SF1 and SF2 are used to represent observations on
the first and the second frequency to keep the consistency
of both code and phase observations for quad-
constellation.

4. Quality assessment of CNES CLK93 products

4.1. RTS orbits and clock offsets

The BNC (BKG NTRIP Client, https://igs.bkg.bund.
de/ntrip/download) software is utilized to receive and
decode the RTS corrections from the CLK93 stream for
14 consecutive days (from April 27, 2019, to May 10,

http://202.127.29.4/shao_gnss_ac/Net_diff/Net_diff.html
http://202.127.29.4/shao_gnss_ac/Net_diff/Net_diff.html
https://igs.bkg.bund.de/ntrip/download
https://igs.bkg.bund.de/ntrip/download


Table 1
Adopted models and strategies for multi-GNSS single-frequency SPP/PPP.

Item Models/Strategies

Frequency selection GPS: L1C/L2W; GLONASS: L1C/L2C; BDS: L2I/L7I; Galileo: L1C/L5X
Sampling rate 30 s
Elevation cutoff angle 10�
Estimator SPP: Least squares

PPP: Kalman filter
Weighing strategy Elevation-dependent weighing model
Tropospheric delay Modified (GPT2w + SAAS + VMF (Boehm et al. 2015)) for the dry part and estimated for the wet part as a random-walk

noise process
Ionospheric delay SPP: Corrected using CNES VTEC products

PPP: Estimated as a random-walk noise process
Receiver antenna phase

center
PCO (phase center offset)/PCV (phase center variation) values for GPS and GLONASS from igs14.atx are used; Corrections
for BDS and Galileo are assumed the same with GPS

Satellite antenna phase
center

PCO/PCV values for GPS, GLONASS and Galileo from igs14.atx are used; BDS PCO corrected with the value released by
ESA and PCV is not considered

Timing group delay SPP: Correct using broadcast ephemeris
Differential code bias PPP: Correct using CLK93 bias products
Tidal effects Consider solid tides, ocean loading tides and polar tides (Gerard and Luzum, 2010)
Other corrections Considering phase windup, relativistic and earth rotation effects
Station reference

coordinates
IGS weekly SINEX solutions

Station coordinates SPP/PPP: estimated as white noises
Receiver clock Estimated as white noise process
Receiver ISB Set up for GLONASS/BDS/Galileo and estimated as a random-walk noise process (Zhou et al., 2019)
GLONASS code IFB Modeled as a linear function of channel numbers
Phase ambiguities Estimated as a constant parameter if no cycle slip occurs
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2019). Since the RTS data interruption is caused by loss of
network connection, the mean availability of CLK93 prod-
ucts for quad-constellation is about 95.25% during the test
period. When the RTS orbits are missing, the most updated
IGS Ultra-rapid (IGU) orbits are used as an alternative
since they have the same accuracy (EI-Mowafy et al.,
2017). As to RTS clock offsets, however, the IGU predicted
part cannot work well in RT-PPP. Hence, the missing RTS
clock corrections can be predicted by polynomial fitting
with the recorded RTS clock corrections in a short time
(Hadas and Bosy, 2015). According to the standard of
RTCM (Radio Technical Commission for Maritime
Services)-SSR, the RTS orbit and clock corrections are
combined with broadcast ephemeris to generate the RT
precise products. The details of the matching algorithm
can refer to the following literature (Hadas and Bosy,
2015; Kazmierski et al., 2018a; Cao et al., 2018).

In order to evaluate the quality of RTS orbits and clock
offsets for quad-constellation, the final precise products of
GBM released by Deutsches GeoForschungsZentrum
(GFZ; Deng et al., 2016) were employed as references.
The orbit comparison was performed every 5 min for the
radial, along-track and cross-track components. Clock off-
sets were compared every 30 s in terms of the interval pro-
vided by the final high-rate clock products. The triple times
of standard deviations (SD) of the analyzed datasets as a
threshold is used to remove outliers in this contribution
(Kazmierski et al., 2018a). It is worth noting that the
CLK93 stream refers to the satellite antenna phase center
(APC) whereas the GBM final products directly adopt
the center of mass (CoM) of the satellite, thus the phase
2520
center offset (PCO) correction must be taken into account.
With regard to satellite clock, broadcast ephemeris (i.e.,
CLK93 products) exhibits small offsets from each satellite
because it refers to constellation-specific timescale, while
precise ephemeris (i.e., GBM products) applies a product-
specific timescale. The difference between the aforemen-
tioned two ephemerides is generally unknown but common
to all satellites of a constellation. It must be excluded from
the assessment of real-time clock by adjusting an epoch-
wise average CLK93-minus-GBM clock value of all satel-
lites for one constellation (Montenbruck et al., 2018). To
avoid the influence of gross error from some satellites, a
medium value of CLK93-minus-GBM clock at each epoch
is computed as the ensemble clock difference to remove this
systematic bias (Zhang et al., 2019b).

Fig. 2 shows the satellite-specific RMS of differences in
the radial, along-track and cross-track components as well
as clock offsets between the CLK93 products and the
GBM final products. For each GNSS, their mean RMS val-
ues over all satellites are also presented in Table 2. Gener-
ally, the orbit accuracy of each system in the radial
component is much better than that in both along-track
and cross-track components. The quality of GPS orbits
and clock offsets is the best, its accuracy is better than
4 cm in all orbit components and 0.3 ns in the clock errors.
The Galileo has slightly worse accuracy than GPS, with the
mean RMS of orbit and clock errors being less than 5 cm
and 0.4 ns, respectively, which are close to the results as
reported by Kazmierski et al. (2018b). For GLONASS,
the orbit accuracy is about 4.2, 11.6 and 7.3 cm, respectively,
in the radial, alone-track and cross-track components,



Fig. 2. The RMS values of the differences between orbits and clock offsets calculated based on CLK93 products regarding GBM final products during
DoYs 117–130, 2019.
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which is about twice worse than of GPS. However, there is
an exception for GLONASS-K R09 satellite, whose radial
accuracy is up to 19.5 cm. As to clock accuracy, the RMS
of GLONASS is about 2.5 ns, which is much higher than
other systems. BDS satellites (C06-C14) have the worst orbit
performance among all GNSS and its mean RMS in radial,
along-track and cross-track components are individually
7.3, 16.2 and 14.1 cm. Regarding the accuracy of the BDS
clock, the mean RMS value is 1.76 ns, which is much worse
2521
than GPS and Galileo since the number of contributed
ground stations that can track BDS satellites is insufficient.
The results of BDS satellite orbit and clock are almost the
same accuracy as those indicated by Wang et al. (2018).

4.2. Real-time VTEC products

Since the prior ionosphere constrains is applied to the
STEC rather than VTEC, the quality of STEC (Slant Total



Table 2
The averaged RMS values of CLK93 orbit errors in the radial (R), along-
track (A) and cross-track (C) components as well as clock errors (T) in a
14-day test period.

Constellation R (cm) A (cm) C (cm) 3D (cm) T (ns)

GPS 2.57 3.98 3.24 5.73 0.29
GLONASS 4.20 11.59 7.28 14.31 2.52
BDS 7.26 16.20 14.05 22.63 1.76
Galileo 3.14 4.81 3.93 6.96 0.37

Fig. 4. The (a) bias and (b) RMS values of the CNES STEC for 46
MGEX stations during a 14-day test period.
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Electron Content) derived from the CNES VTEC products
should be evaluated. Compared with Liu et al. (2018),
which only shows one-day STEC precision of GPS/Galileo
satellites for one station, 46 globally distributed MGEX
stations (Fig. 1) and the GPS + GLONASS + BDS + Gali
leo observations with a sample rate of 30 s in 14 days (DoY
117–130 in 2019) are used to calculate the STEC in this
study. Noted that the CNES VTEC is based on the 12-
degree and 12-order of the spherical harmonic function.
The referenced STEC derived from a post-processing
GIM product from CODE (Center for Orbit Determina-
tion in Europe) agency because it has the highest accuracy
in all ACs (Cai et al., 2017). In the test period, the solar
activity and ionosphere variation are relatively mild as
the radio flux index F10.7 is no more than 80 sfu and the
most of geomagnetic Kp index is less than 3 (Fig. 3).

The bias and RMS values of the CNES STEC for 46 sta-
tions during the testing are shown in the Fig. 4. The bias
value varies from �4.46 to 2.85 TECU, and the averaged
bias of all selected MGEX stations is �0.72 TECU. As
for RMS, the average value for all stations is 3.43 TECU.
The maximum RMS of 5.9 TECU comes from low latitude
(22:4oN ) MGEX station HKSL, which is located in South-
east China, and the minimum RMS is derived from high
latitude (67:9oN ) MGEX station KIRO at 1.44 TECU. In
Fig. 3. Geomagnetic Kp index and F10.7 values during DoYs 117–130,
2019.
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general, the accuracy of the CNES STEC for low latitude
stations is worse than middle and high latitude stations,
which accords with a feature of any ionospheric model
(Rovira-Garcia et al., 2020). On the other hand, the sta-
tions located in ocean areas such as KOKB and TONG
show relatively larger RMS computed from the CNES
STEC. The main reason is that the ionospheric properties
cannot be accurately described by the global spherical har-
monic function model because of the sparse reference sta-
tions in these areas.
5. Performance analysis of real-time single-frequency

positioning

5.1. Single-frequency SPP

To investigate the performance of CNES VTEC prod-
ucts on the multi-GNSS SF-SPP, the high-precision global
ionosphere product from the CODE agency as the refer-
ence is also applied to the same positioning processing,
which means that only the external ionospheric models
used in SF-SPP e different. Fig. 5 depicts the SF1 epoch-
wise positioning errors of HARB station on 27 April
2019 for the south-north (N), west-east (E) and up (U)
components based on the ionospheric delay correction of
CNES VTEC products (i.e. CLK93-VTEC) and CODE-
GIM. It can be seen that the single- and multi-system
SF-SPP results with CLK93-VTEC and CODE-GIM prod-
ucts perform similarly. The vertical error of SF-SPP with
broadcast ephemeris is relatively larger than that of hori-
zontal error and can achieve meter-level. Due to the



Fig. 5. Positioning errors of SF1 SF-SPP with two types of ionospheric
products (CLK93-VTEC and CODE-GIM) in (a) single-system or (b)
multi-system at HARB station (DoY 117 in 2019). The abbreviation G, R,
C and E denote GPS, GLONASS, BDS, Galileo, respectively.
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improved satellite geometry of multi-GNSS, the position-
ing accuracy of SF-SPP with quad-constellation in both
horizontal and vertical components is better than that of
GPS-only.

The RMS statistics in the N, E, U and three-
dimensional (3D) positioning errors in different SF-SPP
solutions on all days of all the selected stations are summa-
rized in Table 3. For all single-system SF-SPP solutions,
the performance of GPS-only and Galileo-only is at the
same level and much better than the other systems, which
is mainly attributed to the higher accuracy of broadcast
Table 3
RMS values of SF-SPP with CLK93-VTEC and CODE-GIM based ionosphe
represent results on the first and the second frequency.

System Iono-Corr SF1

N E U

G CLK93-VTEC 0.819 0.624 1.481
G CODE-GIM 0.684 0.577 1.470
R CLK93-VTEC 2.389 2.518 4.470
R CODE-GIM 2.357 2.510 4.475
C CLK93-VTEC 1.264 1.402 2.485
C CODE-GIM 1.138 1.372 2.410
E CLK93-VTEC 0.718 0.553 1.352
E CODE-GIM 0.572 0.513 1.344
GR CLK93-VTEC 0.791 0.601 1.432
GR CODE-GIM 0.657 0.560 1.423
GC CLK93-VTEC 0.756 0.567 1.344
GC CODE-GIM 0.601 0.521 1.317
GE CLK93-VTEC 0.681 0.500 1.196
GE CODE-GIM 0.520 0.451 1.182
GRCE CLK93-VTEC 0.649 0.469 1.112
GRCE CODE-GIM 0.483 0.419 1.097
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orbits and clocks. Although GLONASS currently has the
smaller position dilution of precision (PDOP) than BDS,
its positioning accuracy is still worse than that of BDS.
The main reason is that the GLONASS code observation
has a higher measurement noise level (Montenbruck,
2003) and the IFB is neglected in SPP. Fig. 6 shows the
mean PDOP of SF1 and SF2 BDS-only SF-SPP at all
selected stations, but stations with mean PDOP more than
6 are excluded. As for BDS-2, tri-frequency signals (B1/B2/
B3) can be received by the 46 selected MGEX stations,
while for BDS-3, only observations of B1 and B3 can be
tracked. Therefore, the number of B2 tracked satellites is
less than that of B1 for BDS-2 + 3 during the test period.
The satellite geometry of SF1 BDS-only with the introduc-
tion of BDS-3 satellites is much better than that of SF2,
which results in better positioning accuracy of SF1
solution.

For the multi-GNSS SF-SPP, the performance of
GPS + GLONASS + BDS + Galileo with CODE-GIM
correction shows the best, in which the positioning accu-
racy of the horizontal and vertical components is better
than 0.7 m and 1.5 m, respectively. One reason is that the
PDOP is smallest with the increased number of visible
satellites, another is that the CODE-GIM as the post-
processed product has higher accuracy than RT models.
However, compared with the CODE-GIM correction, for
the single- or multi-system users, the 3D positioning accu-
racy of SF-SPP with CLK93-VTEC correction is only
reduced by no more than 7%, which is mainly reflected in
the N direction. It should be noted that the errors of broad-
cast orbits and clocks and the pseudorange noise used in
SPP are interfering with the results of the assessment of
ionospheric models. During the period of mild solar activ-
ity, the CNES VTEC products can substitute for the final
GIM products in SF-SPP considering the meter-level
positioning accuracy requirements. Besides, whether this
ric delay correction for SF1 and SF2 (unit: m). SF1 and SF2 are used to

SF2

3D N E U 3D

1.804 1.094 0.764 1.838 2.272
1.721 0.820 0.658 1.856 2.133
5.659 2.250 2.226 4.271 5.316
5.646 2.154 2.210 4.273 5.271
3.121 1.899 2.419 3.540 4.689
2.997 1.726 2.373 3.518 4.580
1.627 1.138 0.839 1.993 2.443
1.548 0.871 0.747 2.004 2.309
1.743 1.039 0.718 1.710 2.125
1.664 0.772 0.626 1.755 2.017
1.643 1.054 0.719 1.721 2.142
1.538 0.765 0.626 1.758 2.016
1.464 0.995 0.657 1.610 2.003
1.368 0.695 0.551 1.653 1.876
1.370 0.938 0.620 1.454 1.838
1.270 0.647 0.519 1.499 1.713



Fig. 6. Mean PDOP of BDS-only SF-SPP at (a) 46 SF1 MGEX stations
and (b) 29 SF2 MGEX stations during DoYs 117–130, 2019.
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finding is applicable to low latitudes areas or high solar
activity period needs further study.
5.2. Kinematic RT-SF-PPP

To compare the kinematic positioning performance
between the GRAPHIC and CLK93-VTEC-constrained
models, the multi-GNSS observations from GRAZ station
on 5 May 2019 are selected for the test. Fig. 7 presents the
Fig. 7. Comparison of positioning errors of SF1 kinematic RT-SF-PPP
with different models for single- or multi-system at GRAZ station (DoY
125 in 2019). The corresponding number of satellites is represented by the
blue curve. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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positioning errors of SF1 kinematic RT-SF-PPP with dif-
ferent schemes. It is obvious that the time series of the
CLK93-VTEC-constrained model is smoother than that
of the GRAPHIC model. By introducing the multi-GNSS
observations, the improvement of positioning accuracy is
mainly reflected in the vertical component, whereas the
horizontal component has little change.

Fig. 8 shows the RMS values of 3D positioning errors of
SF1 kinematic RT-SF-PPP with different schemes for 46
globally distributed MGEX stations. Noted that the results
of GPS + BDS are not shown in Fig. 8 due to its perfor-
mance is basically the same as GPS-only. In the GRA-
PHIC model, the 3D positioning accuracy of 32 stations
for GPS-only exceeds 0.5 m, whereas, for the quad-
constellation, the amount of stations is reduced to 14. By
adopting the CLK93-VTEC-constrained model, the accu-
racy of almost all stations for single- or multi-system has
been improved to some extent, and there are 42 stations
with a 3D positioning accuracy of less than 0.5 m for
RT-SF-PPP with quad-constellation. From the results of
GPS-only with CLK93-VTEC-constrained, the positioning
accuracy of the stations in the adjacent sea area is relatively
poor, which is probably caused by the quality degradation
of CLK93-VTEC products over the areas lacking
observations.

Table 4 summarizes the RMS values of positioning
errors of RT-SF-PPP with different schemes. It should be
noted that the statistical result is computed from the con-
verged epoch to the last epoch of a day, and the conver-
Fig. 8. RMS values of 3D positioning errors of SF1 kinematic RT-SF-
PPP with different models during the period of DoYs 117–130, 2019.
(a) GPS-only GRAPHIC, (b) GPS-only CLK93-VTEC-constrained, (c)
GPS + GLONASS GRAPHIC, (d) GPS + GLONASS CLK93-VTEC-
constrained, (e) GPS + Galileo GRAPHIC, (f) GPS + Galileo CLK93-
VTEC-constrained, (g) GPS + GLONASS + BDS + Galileo GRAPHIC,
(h) GPS + GLONASS + BDS + Galileo CLK93-VTEC-constrained.



Table 4
RMS values of kinematic RT-SF-PPP with the GRAPHIC and CLK93-VTEC-constrained models for SF1 and SF2 (unit: cm).

System Iono-Corr SF1 SF2

N E U 3D N E U 3D

G CLK93-VTEC 21.1 25.8 40.4 52.3 21.5 24.9 39.6 51.4
G GRAPHIC 23.3 23.4 48.0 58.3 24.7 26.3 48.1 60.1
GR CLK93-VTEC 19.6 23.6 35.6 47.0 19.5 22.6 35.4 46.3
GR GRAPHIC 21.4 21.5 43.4 52.9 21.6 21.7 41.1 51.3
GC CLK93-VTEC 21.4 26.3 40.6 52.9 21.1 25.4 38.1 50.5
GC GRAPHIC 23.1 23.2 47.6 57.8 24.5 26.1 47.7 59.6
GE CLK93-VTEC 20.2 22.9 35.3 46.7 18.6 21.0 34.3 44.3
GE GRAPHIC 20.5 20.7 42.0 51.1 21.9 22.9 41.7 52.4
GRCE CLK93-VTEC 18.8 21.7 31.9 42.9 17.9 19.8 32.2 41.8
GRCE GRAPHIC 18.9 19.1 38.5 47.0 19.7 20.0 37.3 46.6

Fig. 9. Positioning errors of SF1 kinematic RT-SF-PPP in the North, East
and Up components for GRAZ station (DoY 125 in 2019). The top panel
shows the results of the GRAPHIC model and the bottom for that of the
CLK93-VTEC-constrained model.
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gence criterion for 3D positioning errors is set to 1.5 m.
Typically, using both GRAPHIC or CLK93-VTEC-
constrained model, the positioning accuracy of 0.3 m in
horizontal and 0.5 m in vertical can be achieved in the
GPS-only RT-SF-PPP in our study. As for the results of
Nie et al. (2019), the horizontal and vertical positioning
accuracy of the traditional SF-PPP (i.e., ionosphere-
corrected model) using the CNES VTEC products is
0.7 m and 1.0 m, respectively. Thus, our results are twice
better than that of Nie et al. (2019). The main reason is that
the ionospheric errors in the ionosphere-corrected SF-PPP
model are only partially mitigated by the CNES VTEC
products and the residual of ionospheric errors still has
some effect on the position accuracy, whereas the residual
of ionospheric errors has been removed by estimating them
as parameters or using a GRAPHIC model in our contri-
bution. With the combination of multi-GNSS observa-
tions, the 3D positioning accuracy of GPS +
GLONASS + BDS + Galileo SF2 RT-SF-PPP based on
the GRAPHIC and CLK93-VTEC-constrained model is
improved by 22.46% and 18.68%, respectively, compared
with the GPS-only. On the other hand, compared with
the GRAPHIC model, the improvement in 3D positioning
accuracy of CLK93-VTEC-constrained RT-SF-PPP with
quad-constellation for SF1 and SF2 is 8.72% and 10.30%,
respectively. The main reason is that the GRAPHIC com-
bination introduces half of the code noise, which is much
larger than the phase noise in the CLK93-VTEC-
constrained model (Li et al., 2020). To summarize, the
CLK93-VTEC-constrained GPS + GLONASS + BDS +
Galileo RT-SF-PPP has the best positioning performance,
which RMS in N, E and U components can reach 17.9,
19.8 and 32.3 cm, respectively. It should be noted that
the simulated kinematic positioning using MGEX static
data is under an ideal situation and theoretically better
than true real-time applications.

The (re-)convergence time is a key indicator of the RT
kinematic PPP. In order to present the (re-)convergence
difference between the IF and IC models, the simulated sig-
nal interruptions are introduced every 4 h by adding a new
set of ambiguities for all used satellites, while all other esti-
mated parameters are kept in the positioning filter with
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their covariances from the previous epoch (Shi et al.,
2012). Taking the GPS + GLONASS + BDS + Galileo
data from GRAZ station on 5 May 2019 as an example,
the convergence performance of the abovementioned two
RT-SF-PPP models is compared and shown in Fig. 9.
From the position time series on the top panel of Fig. 9,
the positioning errors of the GRAPHIC model after each
interruption is visibly much worse and need around 20–
30 min to (re-)convergence. However, the CLK93-VTEC-
constrained model has almost no obvious discontinuity in
the whole time series. Compared with the first convergence,
the re-convergence can be accelerated significantly as
expected (Shi et al., 2012). The major reason is that the
ionospheric effect is adequately compensated by applying
proper priori constraints in the CLK93-VTEC-
constrained model. Therefore, the CLK93-VTEC-
constrained kinematic RT-SF-PPP has a great advantage
in (re-)convergence and should be recommended.
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6. Conclusions

Single-frequency GNSS receivers play an important role
in most fields of PNT due to their low costs and high-
precision. With the increasing demand for RT applications,
the RT-SF-SPP/PPP technique has attracted more and
more attention in the GNSS market. Typically, the perfor-
mance of RT single-frequency positioning is seriously
affected by the low precision of several existing broadcast
ionospheric models such as Klobuchar. However, since
the release of the CNES VTEC products through SSR mes-
sages from CLK93, this situation has begun to improve.

In this contribution, we focus on evaluating the impact
of CNES VTEC products on multi-GNSS RT SF-SPP/
PPP performance. The CLK93 corrections and the obser-
vations of 46 globally distributed MGEX stations for 14
consecutive days were selected to process with different
positioning scenarios. Compared with the final precise
products of GBM, the satellite orbit accuracy of CLK93
products is 4, 5, 12 and 16 cm for GPS, Galileo, GLO-
NASS and BDS, respectively. As for the CLK93 satellite
clock, its RMS accuracy of GPS, Galileo, GLONASS
and BDS is 0.3, 0.4, 2.5 and 1.8 ns, respectively.

The results of positioning experiments strongly demon-
strated the following conclusions. The single- and multi-
GNSS kinematic SF-SPP with CNES VTEC correction is
comparable with positioning accuracy based on the final
GIM products in mild solar activity period, and its slight
differences are mainly reflected in the N component. Statis-
tical results indicated that the positioning accuracy of
GPS + GLONASS + BDS + Galileo SF-SPP with CNES
VTEC correction is better than 1.0 m and 1.5 m in the hor-
izontal and vertical components, respectively. Regarding
the kinematic RT-SF-PPP, the (re-)convergence can be
accelerated by adopting an appropriate ionosphere infor-
mation. Since the GRAPHIC observations are affected by
the code noise, the positioning accuracy is slightly worse
than that of the CNES-VTEC-constrained model. For
the GPS + GLONASS + BDS + Galileo users, the
improvement in positioning accuracy of SF1 and SF2
CNES-VTEC-constrained kinematic RT-SF-PPP is 8.72%
and 10.30%, respectively, compared with the GRAPHIC
model. The best positioning accuracy of kinematic RT-
SF-PPP can be achieved by introducing the quad-
constellation observations and CNES VTEC products, in
which the average RMS is 17.9, 19.8 and 32.3 cm in the
N, E and U components, respectively. Furthermore, the
impact of the CNES real-time VTEC products on multi-
GNSS single-frequency positioning in high solar activity
will be evaluated in future works.
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