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Abstract

Real-time single-frequency precise point positioning (RT-SF-PPP) has become a desired positioning approach because it
can achieve high positioning accuracy with a low-cost global navigation satellite system (GNSS) chipset or receiver. For
single-frequency precise point positioning (SF-PPP) applications, the ionospheric delay is a dominant error source, and thus
the quality of applied ionospheric products is critical to the performance of SF-PPP. To meet the demands of the RT-SF-PPP
users, the international GNSS service (IGS) is planning to provide open-access real-time ionospheric products. By now, the
Centre National d’Etudes Spatiales (CNES) is the only IGS analysis center (AC) to broadcast real-time ionospheric vertical
total electron content (VTEC) message through its real-time service (RTS). The quality of the CNES real-time ionospheric
products is drawing increasing attention from the GNSS community. We evaluate the quality of CNES real-time VTEC mes-
sage both in the ionospheric correction domain and positioning domain. First, 374 consecutive days of CNES VTEC products
are collected and compared with the IGS final global ionospheric map (GIM) products. Second, slant total electron content
(STEC) computed with CNES VTEC message is fully assessed with respect to STEC derived from dual-frequency GNSS
measurements. Finally, RT-SF-PPP is conducted for assessing the quality of CNES real-time ionospheric products in the
positioning domain. The degree and order of the spherical harmonic expansions broadcasted in the CNES VTEC messages
changed from 6 to 12 in the time span of collected data, the effects of higher degree and order parameters are investigated
at the same time in the experiments above.
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Introduction

Precise point positioning (PPP) is attractive to the global
navigation satellite system (GNSS) community as a popular
absolute positioning technology, because it can achieve high
precision with a single GNSS receiver using precise satellite
orbit and clock products (Bisnath and Gao 2009; Choy et al.
2017; Zumberge et al. 1997). Since 2013, the international
GNSS service (IGS) has been providing an open-access real-
time service (RTS), which includes real-time orbit, clock
and other corrections. The advent of RTS corrections allows
users to carry out real-time PPP. According to the stand-
ard of Radio Technical Commission for Maritime Services
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(RTCM), RTS corrections are formatted into state space
representation (SSR) messages (RTCM Special Committee
2016), and these messages are broadcasted over the internet
based on Networked Transport of RTCM via Internet Pro-
tocol (NTRIP) (Weber et al. 2007). In the blueprint of IGS,
the SSR messages are designed in three major stages (RTCM
Special Committee 2016):

Step 1: The development of correction messages for sat-
ellite orbit, clock and code bias. This will enable real-time
dual-frequency precise point positioning (RT-DF-PPP).

Step 2: The development of the ionospheric vertical total
electron content (VTEC) message. This will enable real-time
single-frequency precise point positioning (RT-SF-PPP).

Step 3: The development of messages for slant total elec-
tron content (STEC), tropospheric correction, and satellite
phase biases. This will enable PPP-RTK, which is a fast
integer ambiguity resolution-enabled precise point position-
ing (Teunissen and Khodabandeh 2015), for both dual- and
single-frequency users.
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Currently, the SSR message types provided by most IGS
analysis centers (ACs) only cover the first stage of RT-DF-
PPP. The quality of IGS real-time products, mainly com-
prised of real-time orbit and clock correction, has been
assessed by Hadas and Bosy (2015), Nie et al. (2018),
Kazmierski et al. (2018), and Wang et al. (2018). The accu-
racy of real-time GPS orbit correction is about 3—-5 cm, and
the real-time GPS clock correction has a standard deviation
of 0.1-0.15 ns. Hence, it is able to achieve centimeter to
decimeter level with RT-DF-PPP. However, the high price
of dual-frequency GNSS receiver is a major concern for a
wide range of applications.

In recent years, RT-SF-PPP has begun to receive increas-
ing interests, as it can achieve decimeter to sub-meter level
positioning accuracy with a low-cost GNSS chipset or
receiver (de Bakker and Tiberius 2017; Gao et al. 2006; van
Bree and Tiberius 2012). However, the performance of RT-
SF-PPP depends highly on the elimination of ionospheric
delays (Choy 2009; Shi et al. 2012). To date, only one of
IGS AC, the Centre National d’Etudes Spatiales (CNES),
is broadcasting VTEC message, along with orbit, clock,
code bias and phase bias messages, through its four RTS
streams CLK90, CLK91, CLK92, CLK93. Among the four
CNES streams, the orbits of CLK90 and CLLK92 are referred
to the center of mass, while those of CLK91 and CLK93
are referred to the antenna phase center. RT-SF-PPP can
be carried out with CNES VTEC and other messages for
single-frequency users. Roma et al. (2016) presented the
initial results of the CNES VTEC products over 15 days.
However, as of now, there is no literature devoted to the
comprehensive quality assessment of the CNES real-time
ionospheric products. We fill the gap in this contribution. In
the following, the method to calculate ionospheric correction
with CNES VTEC message is presented. Then, the quality
of real-time ionospheric products is evaluated using three
methods: (1) direct comparison with the IGS final global
ionospheric map (GIM) products, (2) comparison between
the STECs computed with CNES VTEC message and those
derived from dual-frequency GNSS measurements and (3)
performance analysis of RT-SF-PPP. Summaries and conclu-
sions are provided in the last section.

lonospheric correction calculation with CNES
VTEC message

According to the RTCM-SSR standard, the ionospheric
VTEC is presented with one or multiple infinitesimal thin
VTEC layers. The VTEC model at each layer is defined as
spherical harmonic expansions, which allows characterizing
a global and continuous VTEC representation. A spherical
earth model is adopted.
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The VTEC value, expressed in total electron content units
(TECU), is computed for each layer as (RTCM Special Com-
mittee 2014)

N min(n,M)
VTEC(@ppsAs) = D, D, (G, co8mAg "
n=0 m=0

+Sn,m sinmAig ) Pn’m (sin goIPP) s

where N and M are the degree and order of the spherical
harmonic expansions; n and m denote the corresponding
indices; C, ,, and S, , are the cosine and sine coefficients
for the layer (unit: TECU); gpp is the geocentric latitude of
ionospheric pierce point (IPP) for the layer (unit: radian);
Ag denotes the mean sun-fixed and phase-shifted longitude
of IPP for the layer (unit: radian); P, ,,() is the fully normal-
ized associated Legendre function. The mean sun-fixed and
phase-shifted longitude Ag is given by

As = (App + (£ = 50,400) * x/43,200), )

where 4;pp is the longitude of IPP for the layer (unit: radian);
t is the GPS time of computation epoch (unit: s). The
approximate TEC maximum typically appears at local time
14:00 for which t=50400s, and the longitude of the IPP is
rotated by (¢ — 50,400) * z /43,200 around the earth polar-
axis to compensate to the strong correlation between VTEC
and the sun’s position.

The position of the IPP is defined to be the intersection
of a straight line, from the user’s location to the satellite,
and a sphere with the height of the ionospheric layer above
the spherical earth surface. First, the geocentric latitude is
computed in radians according to

@pp = sin”" (sin @y cos wipp + oS @y sinypp cosA),  (3)

where @y, is the geocentric latitude of the user location (unit:
radian); A denotes the azimuth of the satellite with respect to
the user location (unit: radian); yqpp is the spherical earth’s
central angle between the user location and the projection
of the IPP to the spherical earth surface, it can be written
in radians as

R.+h

/3 . -1 € U

=L _E— E),

Yipp > sin < ) hI cos > @)

where E is the elevation angle of the satellite with respect
to the user location (unit: radian); R, is the spherical earth
radius of 6370 km; A, and A; represent the heights of the user
location and the ionospheric layer above the spherical earth
surface (unit: km).

The longitude of the IPP in radians is computed as

If @y > 0 and tan yipp cos A > tan (% - oy )

or ¢ < 0 and — tan ypp cCOSA > tan (% + (pU>
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sin sinA
COS @1pp
Otherwise,
sin sinA
App = Ay + sin”! <L> (6)
COS @pp

where 4, is the longitude of the user location (unit: radian).

The fully normalized associated Legendre functions can
be computed with the following recursive formulas (Holmes
and Featherstone 2002):

. 2n+1 .
Pn,n(sm ‘PIPP) = V n oS @ippPy_ i (sm (pIPP)’ nz?2

@)
P, (sin CDIPP) = V2n+ Isin@ppP,_; (sin (pIPP)’ n %5

Pn,m (Sin quPP) = an,m Sin (pIPPPn—l,m (Sin (pIPP) + bn,mPn—Z,m (Sin (pIPP) ’

the degree increases in rows down, the order increases in
columns to the right, the direction of arrowhead represents
forward computation, and the corresponding recursive for-
mula is given aside.

Once the VTEC of the specific IPP is obtained, the
STEC of the layer i can be computed with the VTEC value
divided by the mapping function

VTEC,
sin (E + l[/ﬂ)p) ’

12)

where Zpp is the zenith distance of the satellite with respect
to the IPP. The total STEC is the sum of the individual STEC
contribution of each layer, and the ionospheric correction in
meters of a specific frequency f (unit: Hz) is given by

40.3 x 10'°
0

IC = STEC, (13)

O<m<n—-2 and n>2 )

where
a4 = ‘/w, (10)
’ (n—m)(n+m)

, =\/(2n+1)(n+m—l)(n—m—1)

(n —m)(n + m)(2n — 3) (b

The sectoral Pn’n(sin (plpp) are computed with
(7) using the starting values Po,o(sin (pIPP) =1 and
Py (sin (plpp) = \/gcos @pp, these sectoral values can
serve as seeds for the forward column recursions in (8) and
(9). The complete recursion process is explained as Fig. 1,

order
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Fig.1 Schematic diagram of the recursion employed in fully normal-
ized associated Legendre function computations

where positive sign applies for pseudorange observations
and negative sign applies for phase range observations.

Quality assessment

To assess the quality of real-time VTEC products provided
by CNES, the real-time SSR messages mounted on CLK93
are received and decoded for 374 consecutive days, starting
from June 22, 2017 to June 30, 2018. The solar activity is
relatively mild during the selected period. For the CNES
VTEC messages, the sample rate is 1 min and a single thin
layer model is adopted with height of 450 km. Notice that,
the degree and order of the spherical harmonic expansions
broadcasted in the CNES VTEC messages changed from
6 to 12 in the time span of collecting data. Accordingly,
the whole data are divided into two periods: Period 1 con-
tains data from 06:35:00 June 22, 2017 to 07:58:00 May
29, 2018, of which the spherical harmonic degree and order
are both 6; Period 2 includes data from 08:50:00 May 29,
2018 to 23:59:00 June 30, and the degree and order of the
spherical harmonic expansions are both 12. In the follow-
ing experiments, Periods 1 and 2 are evaluated separately
to investigate the effects of higher degree and order param-
eters. Meanwhile, the availability of the VTEC products is
also counted for the whole period. The available number
of epochs is 524,075 and the missing number of epochs is
14,090, thus the availability of CNES VTEC messages is as
high as 97.38% for 374 consecutive days from midyear of
2017 to midyear 2018. Afterward, three sets of experiments
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are carried out to evaluate the CNES VTEC products. First,
the VTEC products are directly compared with the IGS final
GIM products for both periods; second, the comparison is
conducted regarding STEC, and the reference is the STEC
derived from dual-frequency GNSS measurements. Last but
not least, the performance of RT-SF-PPP with the CNES
products is presented to investigate the product quality in
positioning domain.

Comparison with IGS final GIM products

The IGS final GIM is a combination of GIM products pro-
vided by individual IGS ACs, and has been systematically
generated on a daily basis with a latency of approximately

Fig.2 CNES real-time GIM
(top) and IGS final GIM (bot-
tom) at 12:00:00 UT, May 28 of
2018 (Unit: TECU)
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11 days since 1998. The IGS final GIM is a VTEC gird
dataset in IONosphere map Exchange (IONEX) format, with
a resolution of 2 h, 5 degrees and 2.5 degrees in time, lon-
gitude and latitude, respectively (Feltens 2003; Hernandez-
Pajares et al. 2009, 2017). Previous research has shown that
the IGS final GIM product is able to provide a high accuracy
of 2-8 TECU VTEC grid (http://www.igs.org/products). To
facilitate the direct comparison between the CNES real-time
VTEC and IGS final GIM products, the CNES real-time
GIM is produced with the same temporal and spatial reso-
lution as IGS final GIM using CNES VTEC message. The
same epochs in two consecutive days, 12:00:00 UT, May 28
of 2018 representing Period 1 and 12:00:00 UT, May 29 of
2018 representing Period 2, are selected to show the CNES
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Fig.3 CNES real-time GIM
(top) and IGS final GIM (bot-
tom) at 12:00:00 UT, May 29 of
2018 (Unit: TECU)
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real-time GIM and IGS final GIM in Figs. 2 and 3. As we
can see, both CNES real-time GIM and the IGS final GIM
show clear diurnal and geographic feature. Meanwhile, the
IGS final GIM shows more details compared to CNES real-
time GIM, especially near the equatorial region. By com-
paring Figs. 2 and 3, we can see the CNES real-time GIM
agrees better with IGS final GIM at 12:00:00 UT on May
29, 2018, which belongs to Period 2 with degree and order
of the spherical harmonic expansions both at 12.
Afterward, the IGS final GIM is set as the reference and
the error of CNES real-time VTEC products is assessed in
terms of bias and RMS. The bias and RMS of CNES real-
time VTEC products for Periods 1 and 2 are shown in Figs. 4
and 5, respectively. As we can see, the bias and RMS of

-60 0 60
Longitude [Degree]

120 180

-60 0 60 120 180
Longitude [Degree]
10 15 20 25 30 35

CNES real-time VTEC products show similar spatial fea-
ture, which consists of several horizontal stripes with dif-
ferent latitudes. For Period 1, the bias of CNES real-time
VTEC varies from —3.15 to -0.03 TECU for different grid
points, while the RMS varies from 1.06 to 4.91 TECU. As
for Period 2, the bias varies from —2.82 to 0.06 TECU, and
the RMS varies from 0.97 to 3.01 TECU. By comparing the
RMS of CNES real-time GIM between Period 1 and Period
2, we can see that CNES VTEC message with higher degree
and order of the spherical harmonic expansions can improve
the accuracy when taking IGS final GIM products as the
reference, especially in low latitudes.

Apart from the spatial feature of the quality of CNES real-
time VTEC products, the temporal performance analysis of the
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Fig.4 Global maps of bias (top)

and RMS (bottom) for CNES 0.0
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CNES real-time VTEC products is carried out as well. Both
bias and RMS of CNES real-time VTEC products are com-
puted over all grid points at each epoch for the 374 consecutive
days. The time series of bias and RMS over 374 consecutive
days are shown in Fig. 6, and the black vertical line separates
the time span into Period 1 and Period 2. Additionally, the
ionospheric Dst index (Campbell 1996), which can indicate
the intensity of magnetic activity, is also included. Over the
374 consecutive days, the bias of CNES real-time VTEC prod-
ucts ranges from —4.36 to 0.86 TECU, and the RMS of those
varies from 0.80 to 7.04 TECU. Meanwhile, the correlation
between the RMS values of the CNES real-time VTEC prod-
ucts and the Dst indexes is quite strong. The larger Dst, the
less accurate CNES real-time VTEC products. Therefore, the
CNES real-time VTEC products should be applied with cau-
tious during intensive magnetic activities. It is also noted that
the RMS of CNES real-time VTEC products decreases from
Period 1 to Period 2. The higher the degree and order of the
spherical harmonic expansions, the more accurate the CNES
VTEC products.

@ Springer

Longitude [Degree]

Comparison with STEC derived from dual-frequency
measurements

The ionospheric combinations for code and phase can be
written as (Bishop et al. 1985; Brunini and Azpilicueta
2009)

{ Pl=P —-Py=y-Iy+c-DCB,p _p +c- DCB;I_P2
LI=L —-L,=—y -1, + AN, — 14N,

(14)
where P; and L; denote the raw code and phase observa-
tions, I, represents the ionospheric delay at the first fre-
quency,y =1 — f12 / f22 is the scale factor and f; is the ith fre-
quency value, 4, and N, are the wavelength and phase
ambiguity at the ith frequency, respectively, c is the speed of

light, DCB, p _p, and DCBj,l_P2 are the differential code

biases at the receiver and satellite (i = 1, 2). Given the poor
precision of code measurements, the phase measurements
are usually used for smoothing the code measurements. The
phase-smoothed code ionospheric combination can be
expressed as (Schaer 1999)
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Fig.5 Global maps of bias (top)
and RMS (bottom) for CNES
real-time VTEC products in
Period 2 (Unit: TECU)
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where LI(1;), PI(t;) are the phase and code ionospheric
residual combinations at the epoch time #;,(i = 1, ..., n), and
n is the number of smoothing epochs. The STEC derived
from phase-smoothed code ionospheric combination is given
by

£

STEC = —1—1,,
40.3 x 10'°

(16)

which can describe the ionospheric delay in the line of sight
direction.

To implement the evaluation regarding STEC, 25 globally
distributed IGS stations are selected and shown in Fig. 7.
The GNSS raw data with a sample rate of 30 s are down-
loaded from June 22, 2017 to June 30, 2018 from IGS ftp
server. However, only GPS measurements are used to cal-
culate the STEC. The STEC derived from phase-smoothed
code ionospheric combination is used as the reference, and
then the STEC to be evaluated is calculated with CNES

real-time VTEC products, which will be denoted as CNES
real-time STEC from now on. The evaluation is carried out
for Periods 1 and 2 separately and the results are shown in
Figs. 8 and 9, respectively. The x-axis labeled as dSTEC
denotes the error of STEC derived from CNES VTEC mes-
sages and y-axis labeled as PDF presents the probability
density function of STEC error. It is noted that the plots are
ordered according to the latitude from 90° S to 90° N.

For the evaluation of CNES real-time STEC in Period
1, the average RMS of the 25 IGS stations is 5.02 TECU.
The largest RMS of 7.93 TECU comes from low latitude
IGS station FAA1, which is in Tahiti and surrounded by the
Pacific, and the smallest RMS is obtained from high latitude
IGS station THU3 at 3.02 TECU. For the other high latitude
stations such as MCM4, DAV 1 and TIXI, the RMS values
are smaller than the averaged RMS. Regarding the evalua-
tion in Period 2, the average RMS of the 25 IGS stations is
4.17 TECU. The largest RMS of 6.15 TECU is from the low
latitude IGS station KOKB, which in Hawaii and surrounded
by the Pacific as well, and the smallest RMS comes from the

@ Springer



11 Page8of 15 GPS Solutions (2019) 23:11

Fig.6 Time series of bias

and RMS for CNES real-time
VTEC, and ionospheric Dst
index over 374 consecutive days
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Fig. 8 Error distribution of the CNES real-time STEC for 25 IGS stations in Period 1

high latitude IGS station MCM4 at 2.07 TECU. For the other
high-latitude stations such as DAV1 and THU3, the RMS
is also very small at 2.45 and 2.85 TECU correspondingly.
When comparing the evaluation results between Periods 1
and 2, most stations see improvements in RMS, which indi-
cates the quality of real-time ionospheric product increases
using VTEC message with the higher degree and order of the
spherical harmonic expansions. For CHPI, the RMS reduced
from 7.58 TECU in Period 1 to 4.35 TECU in Period 2, and

the improvement of 3.23 TECU is largest among all the sta-
tions. Meanwhile, the stations such as MCM4 and RIO2 also
show improvements of over 2 TECU. The improvements for
stations DAV 1, FAA1, STHL, COCO and PIMO are between
1 and 2 TECU, and the improvements for stations YAR2,
GUAM, KOKB and TRO1 are between 0.5 and 1 TECU. For
the other stations such as SYDN, HRAO, NARU, RAMO,
SHAO, GOLD, VILL, STJO, BADG, ARTU, WHIT, TIXI
and THU3, the RMS difference in Period 1 and Period 2 are
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Fig.9 Error distribution of the CNES real-time STEC for 25 IGS stations in Period 2
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less than 0.5 TECU. Generally, the RMS of CNES real-time
STEC for low latitude stations is larger than middle and high
latitude stations in both periods. Meanwhile, the stations
near the oceans or located in ocean areas such as KOKB,
FAAT1 and COCO see large RMS of CNES real-time STEC
in both periods, which can be attributed to the sparse refer-
ence stations in these areas. With sparse nearby reference
stations, the ionospheric activities may not be accurately
modeled by the global spherical harmonic expansion model.

@ Springer

Performance analysis of real-time single-frequency
PPP

The RT-SF-PPP is carried out to investigate the quality of
CNES real-time VTEC products in the positioning domain.
The first experiment uses GNSS data from the 25 static IGS
stations shown in Fig. 7 over 374 consecutive days. The
second experiment is the kinematic field test carried out in
Calgary. For both static and kinematic tests, the processing
mode is set as kinematic, and both GPS and GLONASS
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Fig. 10 Positioning RMS in 3r
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for 25 IGS stations in Period 1
25
2 L
£
w15+
=
o
1 L
05¢F
0
<t~ AN ZAN
=>20Q0Ck
oLg><
s n >
Fig. 11 Positioning RMS in 3r
east, north and vertical direction
for 25 IGS stations in Period 2
25
2+
E
w15
=
o
1 -
0.5
0
<t~ AN ZAN
=200k
oLg><
s~y >

observations are applied for the positioning. The position-
ing model and strategies can be referred to de Bakker and
Tiberius (2017).

Stationary experiment and results
The quality of the CNES real-time VTEC products is

assessed in RT-SF-PPP at 25 IGS stations from June 22,
2017 to June 30, 2018. Note that RT-SF-PPP is simulated
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by processing the GNSS data in the post mode. The precise
coordinates of 25 IGS stations from the IGS weekly SINEX
solutions are used as references. Figures 10 and 11 show the
positioning accuracy of RT-SF-PPP for the 25 IGS stations
in Period 1 and Period 2, respectively.

Generally, using CNES real-time VTEC products, the
positioning accuracy of sub-meter-level in the horizontal
and meter-level in the vertical direction can be achieved in
RT-SF-PPP. For RT- SF-PPP with CNES real-time VTEC
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products in Period 1, the average RMS in the east, north,
and up directions are 0.507, 0.523, 1.046 m. The RMS in the
horizontal direction varies from 0.475 to 1.220 m, and the
average is 0.731 m for 25 stations. FAA1 located in Tahiti
gets the largest horizontal RMS at 1.200 m, which is due to
the sparse nearby reference stations. The station COCO is
the only other station with a horizontal RMS of larger than
1 m, which is also due to the location and sparse surrounding
reference stations. The RMS in the vertical direction ranges
from 0.606 to 1.556 m, and the average is 1.046 m. There
are four stations, namely CHPI, FAAI, KOKB and TROI1,
with a vertical RMS of more than 1.300 m. For RT-SF-PPP
with CNES real-time VTEC products in Period 2, the aver-
age RMS values in the east, north, and up directions are
0.492, 0.479, 0.974 m. The RMS in the horizontal direction
varies from 0.401 to 0.914 m, and the average is 0.695 m.

Fig. 12 NovAtel and patch antennas mounted on top of the land vehi-
cle used in the field test

The RMS in the vertical direction ranges from 0.577 to
1.338 m, and the average is 0.974 m. When comparing the
RT-SF-PPP in Periods 1 and 2, the RMS improvement in the
horizontal direction is 0.036 m by averaging all the 25 sta-
tions. For stations such as RIO2, FAA1, COCO and KOKB,
the improvement of horizontal RMS is more than 0.010 m.
The RMS improvement in the vertical direction is 0.072 m
by averaging all the 25 stations. For some stations such as
CHPI, FAAL1, STHL and COCO, the improvement of verti-
cal RMS is more than 0.020 m.

Automotive experiment and results

The field test with RT-SF-PPP is conducted from GPST
17:45:05 to 18:45:26 of November 10, 2017 near the Uni-
versity of Calgary, Canada. A u-blox M8T-EVK is con-
nected to a patch antenna mounted on the top of the vehicle,
and an Internet-accessible laptop is used to receive u-blox
single-frequency observations, CNES real-time products and
to conduct RT-SF-PPP. The patch antenna is placed in the
middle point of two NovAtel antennas, which are connected
to two NovAtel receivers to collect the GNSS data for the
generation of reference. RTK is carried out by taking the
GNSS data collected by NovAtel receivers as the rover sta-
tion, and the base station is the UCAL station within 5 km
and located inside the University of Calgary. Then the refer-
ence is generated by averaging the two RTK solutions from
the pair of NovAtel receivers. Note that the height difference
has been measured and considered. The location plan of the
antennas on top of the vehicle is shown in Fig. 12.

Figure 13 shows the trajectory derived from the reference
and the vehicle speed is less than 60 km/h for the whole
trajectory. The positioning errors in east, north and vertical
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directions are shown in Fig. 14. We can see that sub-meter
level and meter-level accuracy can be achieved in horizon-
tal and vertical, respectively. The RMS values are 0.103,
0.614 and 1.177 m in the east, north and vertical directions,
respectively.

Conclusions

The quality of real-time ionospheric products is essential
to the performance of real-time single frequency PPP. In
this study, the quality of CNES real-time VTEC products
is fully assessed by directly comparing with the IGS final
VTEC GIM products, and comparison of STEC values
between those computed with CNES VTEC message and
those derived from dual-frequency GNSS measurements.
RT-SF-PPP is further conducted for assessing the quality of
CNES real-time VTEC products in the positioning domain.

To assess the quality of real-time VTEC products, the
CNES CLK93 RTS corrections between June 22, 2017 and
June 30, 2018 are collected. The availability of the collected
VTEC messages is 97.38%, and the degree and order of the
spherical harmonic expansions broadcasted in the CNES
VTEC messages changes from 6 to 12 during the time span
of collected data. During the period from 06:35:00 June 22,
2017 to 07:58:00 May 29, 2018 (Period 1), the spherical
harmonic degree and order are both 6, whereas during the
period from 08:50:00 May 29, 2018 to 23:59:00 June 30
(Period 2), the degree and order of the spherical harmonic
expansions are both 12. With IGS final VTEC GIM prod-
ucts as references, the bias of CNES real-time VTEC varies
from —3.15 to -0.03 TECU at different grid points and the
RMS varies from 1.06 to 4.91 TECU for Period 1, and the
bias varies from —2.82 to 0.06 TECU and the RMS varies

20 30 40 50 60
Time (min)

from 0.97 to 3.01 TECU for Period 2. Using STEC values
derived from dual-frequency GNSS measurements as refer-
ences, the bias of STEC computed with CNES VTEC varies
from —3.72 to 0.92 TECU among 25 globally distributed
IGS stations and the RMS varies from 3.02 to 7.93 TECU
for period 1, and the bias and RMS vary from —2.82 to
1.98 TECU and from 2.07 to 6.15 TECU, respectively, for
Period 2. From the comparison of real-time VTEC prod-
ucts with IGS final GIM products, and the comparison of
STEC between those computed with VTEC message and
those derived from dual-frequency GNSS measurements,
we confirmed that the quality of real-time VTEC products
is highly correlated with latitude. It shows generally better
quality in middle latitude and high latitude areas than in
low latitude areas. Furthermore, the real-time ionospheric
products are also better for correcting ionospheric delay in
stations with dense reference networks compared to those
near the oceans or located in the ocean areas. Therefore, it
is recommended using the real-time ionospheric products
with care in low latitude, and near oceans or in ocean areas.
It is also noted that the quality of real-time ionospheric prod-
ucts improves using VTEC messages with higher degree and
order of the spherical harmonic expansions, especially in
the low latitude areas. Higher degree and order ionospheric
models are, therefore, desired for more accurate modeling
of the ionosphere at a global scale.

RT-SF-PPP experiments were performed at 25 globally
distributed IGS stations for further assessment of the real-
time ionospheric products. The positioning accuracy of low
latitude stations is generally poorer than middle latitude sta-
tions. Meanwhile, the positioning accuracy for the inland
stations with denser reference stations nearby is better than
those stations near oceans or located in the ocean areas. The
average RMS values in the east, north and up directions are

@ Springer



11 Page 140of 15

GPS Solutions (2019) 23:11

0.507, 0.523, 1.046 m in Period 1, while the respective val-
ues are 0.492, 0.479, 0.974 m for Period 2. When comparing
the RT-SF-PPP in Periods 1 and 2, the RMS improvements
are 0.036 and 0.072 m in the horizontal and vertical direc-
tion by averaging all the 25 stations. Larger improvement
can be seen at the stations in the low latitude region, near
oceans or located in ocean areas. Furthermore, a kinematic
automotive experiment using a low-cost single-frequency
receiver was also conducted to evaluate the performance of
RT-SF-PPP. It is demonstrated that the positioning accura-
cies are 0.614, 0.103, and 1.177 m in the east, north and up
directions, respectively. Therefore, it is concluded that the
CNES real-time ionospheric products can be used for deriv-
ing sub-meter horizontal and meter-level vertical positioning
solutions with RT-SF-PPP.
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