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Abstract In the past few years, the rapid evolution of multi-constellation naviga-
tion satellite systems boosted the development of many scientific and engineering
applications. More than 100 satellites will be available in a few years, when all
the four global constellations (GPS, GLONASS, Galileo and Beidou) will be fully
deployed. This high number of visible satellites has improved the performance of
Precise Point Positioning (PPP) techniques both in terms of accuracy and of ses-
sion length, especially easing the modeling of ionospheric biases. However, in the
presence of severe environmental and atmospheric conditions, the performance of
PPP considerably deteriorates. It is the case of high latitude scenarios, where the
satellites coverage is limited, the satellites geometry is poor and ionospheric scin-
tillation are frequent. This paper analyzes the quality of PPP solutions in terms
of accuracy and convergence time, for a GNSS station in Antarctica. Single and
multi-constellation results are compared, proving the benefits of the availability of
a higher number of satellites as well as the improved robustness to the presence of
moderate and strong phase scintillations. The use of PPP multi-constellation at
high-latitudes is indeed essential to guarantee high accuracy, and to obtain a low
convergence time, of the order of tens of minutes.
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1 Introduction

Precise point positioning (PPP) is one of the most used Global Navigation Satel-
lite System (GNSS) high quality positioning techniques, offering to single receivers
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decimetre-level positioning employing models and corrections generated by global
reference stations, with no need of base stations. The main difference with respect
the classic double difference Real Time Kinematic (RTK) approach is that PPP
provides an absolute positioning, rather than the location relative to the RTK
reference station [1]. However, the two main limitations of PPP are the long con-
vergence time, of the order of tens of minutes, while for RTK techniques a couple
of minutes are enough [2], and the difficulty to accurately model atmospheric delay
and ionospheric scintillations [3].

In particular, despite all the efforts for improving the quality of GNSS position
estimation, ionosphere remains the major source of errors in GNSS positioning [4].
While the first order ionospheric delay can be compensated by means of double
frequency measurements, ionospheric irregularities and gradients are still hard to
be modelled and mitigated. For instance, ionospheric scintillations can severely
impact the quality of the received signal and, in turn, the accuracy and reliabil-
ity of the positioning estimate [5]. The combined use of precise satellite position
and clock data, and of a double frequency receiver which removes the first order
effect of the ionosphere, increases the accuracy from a couple of decimeters to few
centimeters [6]. Precise orbit and clock data [7] can be obtained from a relatively
sparse network of reference stations, with inter-station distances of about thou-
sands of kilometers; networks of reference stations are defined sparse when the
maximum inter-station distance is larger than 200 km [8].

Given this, PPP is today a very interesting alternative to RTK, where dense
RTK networks are not available, e.g. in low-density urban areas and in remote
locations. Many PPP online services and offline softwares for post-processing are
available [9]. With the advent of cost-effective, accurate, RTK positioning provided
by an increasing number of Continuously Operating Reference Station (CORS)
networks around the world, there is a strong interest to study real-time [10] or near
real-time PPP solutions [11]. The interest in the PPP technique has grown in recent
years, being particularly stimulated by the increase in the total number of satellites
available from different constellations [12], [13]: in October 2011 GLONASS has
been declared fully operational, while Galileo started its initial service in December
2016 and it will reach a full operational capability by 2020. Such a large number
of satellites expands the possibility to perform accurate positioning, increasing the
redundancy of the available signals [14].

This paper addresses the analysis of the accuracy of PPP algorithms at high
latitudes and in the presence of ionospheric phase scintillations. Furthermore, it
analyzes the impact of this kind of disturbances on multi-constellation solutions.
It is well known that dual-constellation and triple constellation receivers provide
more accurate solutions; however, there are few studies regarding the benefits
of GLONASS constellation [15] but no studies about the benefits of GLONASS
and Galileo constellations for high-latitude PPP and in the presence of phase
scintillations. Finally, besides the usual statistical considerations on the accuracy
of the positioning solutions, this paper also considers the convergence time as a
figure of merit for assessing the performance of PPP.

After an introduction on GNSS signals, ionospheric scintillations, and PPP, a
description of the data collection site and of the data collected is given in Sec-
tion 3. Section 4 provides results related to single events, and overall statistical
considerations. Conclusions and remarks are outlined in Section 5
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2 Signal and system model
2.1 GNSS signals and scintillation

Tonospheric scintillations are due to irregular electron density concentrations, small-
scale spatial irregularities, geo-magnetic storms and strong space weather events.
A summary of models of ionospheric scintillations can be found in [16].

As GNSS electromagnetic radio signals pass through ionosphere, they are af-
fected by diffraction and refraction phenomena, leading to rapid fluctuations in
their intensity and phase. In the particular case of polar ionosphere, solar ener-
getic particles driven by the cusps of the geomagnetic field mainly induce phase
scintillations.

The time-varying GNSS signal at the receiver input, S, in the presence of
scintillations, can be modelled [17] as:

S = A&’ = 808 = AgAed (#019) | (1)

So = Agel®o is. the nominal received GNSS signal in the absence of scintillation,
while S = Ae’? is the contribution of scintillation. The scintillation signal S can
be modelled as a Nakagami-m distribution for the intensity, and as a Gaussian
distribution with zero mean and standard deviation o for the phase [17].

S is the contribution of one single satellite, in the absence of noise. The overall
received signal, as the contribution of L different satellite-receiver links (including
different constellations and different bandwidths) and of thermal noise 7 is:

R=) S+n. (2)
L

Scintillations might lead to performance degradation, losses of lock and even
complete receiver outage. Strong signal fading induced by amplitude scintillation,
modelled by A, can decrease the C /No and reduce the sensitivity of the receiver.
Similarly, fast changes of the phase, induced by ¢, alter the capability of the
tracking loops to follow the apparent signal dynamics, potentially leading to cycle
slips and losses of lock. The tracking error variance at the output of the Phase
Lock Loop (PLL) can be computed as

2 2 2
Oy, =0¢, + 03, (3)

where aén is the jitter contribution in the absence of scintillation, due to thermal
2

noise and oscillators noise, while o 3

corresponds to the jitter contribution due to
phase scintillation [18].

In the particular case of PPP, scintillation can affect cycle slip detection and
correction procedures, leading to significant degradation of point positioning re-
sults [19] and errors of the order of meters [20]. A jump of one cycle in the L1 carrier
corresponds to an error of 48 cm in the iono-free combination used in PPP, thus
canceling the added value of PPP. For these reasons, it is important to monitor
the occurrence and intensity of such events.
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2.2 PPP and multi-constellation receivers

The advantages of multi-constellation processing have been extensively studied.
When signals from different constellations are used, the position solution accuracy
significantly increases, and, at the same time, the convergence time decreases [21].
When comparing a GPS-GLONASS solution to a GPS-only scenario, the conver-
gence time is reduced from 21.6 to 15.7 minutes in static mode and from 34.4
to 20.0 minutes in kinematic mode [22]. Other works [23] demonstrated that the
average convergence time for the GPS-only case is 68, 43, and 93 minutes in the
East, North, and Up directions respectively. Adding GLONASS, the convergence
time is reduced by 38%, 42%, and 34% respectively.

This is mainly due to the availability of a larger number of satellites and, in
turn, of signals, making the positioning algorithm more robust and enabling the
possibility to discard low quality measurements. In addition, a better Geometrical
Dilution of Precision (GDOP) can be obtained, thus reducing the geometrical
contribution to the error variance.

Nevertheless, such results are valid as long as no atmospheric disturbances oc-
cur. In the presence of ionospheric scintillations, the convergence time drastically
increases up to a couple of hours. Several analyses of the impact of scintillation on
PPP are present in literature, in particular for what concerns equatorial regions.
In different studies it has been proven that scintillations affect the quality of the
solution in terms of accuracy [22,23]. The work in [24] investigated the relation-
ship between the rate of change of the Total Electron Content (TEC) and PPP
errors. The error in the position estimate can increase by an order of magnitude
under disturbed geo-magnetic conditions. Bougard et al. [25] proposed a mitiga-
tion strategy, based on the assessment of the phase residual and removal of the
satellites affected by scintillation. Zhang et al. [26] proposed a method to avoid
unnecessary re-initializations of PPP, thus preventing sudden variations in esti-
mated position and maintaining a centimeter level accuracy. In [19] and [27], PPP
and ionospheric-free combination measurements are used to detect scintillation.
Concerning multi-constellation, there are limited works dealing with ionospheric
scintillations. Cai et Gao proposed a combined GPS-GLONASS PPP model and
demonstrated the benefits of dual-constellation PPP, showing that while the con-
vergence time can be significantly reduced, the accuracy is not improved, as long
as GPS satellites visibility is good [28]; however, no results concerning scintilla-
tion were presented. Li et at. have developed a four-system positioning model and
showed that multi-GNSS brings to precise positioning a significant improvement
of satellite visibility, spatial geometry, dilution of precision, convergence, accuracy,
continuity and reliability [29]. Nevertheless, despite they claim that in the pres-
ence of ionospheric scintillations the availability of more satellites is important,
they do not provide results on real data. The advantages of adding GLONASS
observation to GPS was assessed by Marques et al. [30]. Accuracy improvements
of 60% were experienced, when processing multi-constellation data in kinematic
PPP mode, under strong equatorial scintillation. Similar results were shown in
[31], where improvements in positioning accuracy of the order to 70% in height
component are presented, when using GPS and GLONASS compared with PPP
using only GPS data, under equatorial scintillations. Most of these works indeed
focus on equatorial regions and on amplitude scintillation, while minor attention
was given to high latitude regions [24,32]. In particular, the use of Galileo sig-
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nals in Antarctica for scintillation observation is still almost unexplored, due to
the limited availability of Galileo-ready professional receivers operational in the
region [33].

3 Data and test-site description

Data used in this study were collected in 2016 at the South African Antarctica
research station SANAE IV, as part of the DemoGRAPE project [34]. The geo-
graphic coordinates are 71° 40’ 22" S, 2° 50’ 26" W, while the geomagnetic latitude
at time of the data collection was 66° 45" S. A geodetic GNSS antenna and receiver
were installed in January 2016 for scintillation monitoring purposes. The receiver is
a Septentrio PolaRxS PRO multi-constellation and multi-frequency receiver, able
to track signals from GPS, GLONASS and Galileo. The receiver was configured
to store RINEX and ismr files, the latter containing also the scintillation indices
[35,36].

The reference antenna coordinates are obtained processing 7 different datasets
of 24 hours each, with a sampling rate of 1 s, using the Bernese GNSS Software
Version 5.2, with an elevation angle cutoff of 7° and considering a double differ-
ence approach and the ionosphere-free linear combination [37]. The coordinates
adjustment is made considering 14 GNSS permanent stations, depicted in red in
Fig. 1, and a weighted least-squares algorithm. Coordinate constraints are applied
at the reference sites with standard deviation of 1 mm and 2 mm for horizontal
and vertical components, respectively. Ambiguities are resolved in a baseline-by-
baseline mode using the Code-Based strategy for all baselines [37]. These solutions
were compared with the results of the AUSPOS Online GPS Processing Service
version 2.2, used as benchmark in the analysis of the PPP accuracy.

Table 1 reports a summary of the days considered in this work. During these
time slots, significant phase scintillation events with a duration of at least three
hours were detected by the Septentrio receiver. Furthermore, data of October 11
were included as a representative example of a scintillation-free scenario: no details
about the other dataset of this kind of scenario are shown because the performances
and results are comparable in terms of accuracy.

Phase scintillations are evaluated by means of the Phi60 index, corresponding
to the standard deviation of the detrended phase measurements over an interval
of 60 seconds. Values of Phi60 between 0.3 and 0.5 rad correspond to moderate
scintillation, while strong scintillation is present when Phi60 exceeds 0.5 rad.

Two different examples of scintillation activities are considered, representative
of a moderate and a strong scintillation scenario respectively:

1. Fig. 2 reports a linear plot of the values of the phase scintillation index for GPS
L1 C/A signals along 24 hours on February 8, 2016. Moderate scintillation
activity can be identified from 00:00 to 07.30 UTC.

2. Fig. 3 reports the same index on May 9, 2016, with a Phi60 up to about 1.4 rad.
Strong scintillation is present approximately in the same time range.

Data are filtered at an elevation mask of 30°, to reduce the occurrence of high
Phi60 values due to multipath reflections on low elevation satellites rather than to
ionospheric disturbances.
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Fig. 1 GNSS permanent master stations, in red, used for estimating the reference position of
the SANAE IV station, in yellow.

Table 1 Summary of data used for PPP analysis, including the time range in which scintilla-
tion has been detected (Phi60 > 0.3 rad and elevation > 30°), the number of GPS, GLONASS
and Galileo satellites affected over the total number of satellites in view and the maximum
Phi60 values.

Date Start and end (UTC) Satellites = maximum

(2016) of scintillation event affected ~ Phi60 (rad)
January 20 16:00 — 22:00 16 / 69 0.8
February 3 00:00 — 06:00 18 / 59 1.1
February 8 00:00 - 07:30 21 / 60 1.1
February 18 00:00 — 07:00 22 / 59 1.0
April 2 21:00 — 24:00 18 / 63 1.4
April 13 00:00 — 08:00 34 /63 1.1
May 9 00:00 — 06:00 23 /63 1.4
June 6 00:00 — 06:30 21 / 64 1.4
October 13 11:00 — 21:00 31/ 66 1.4
January 13 no scintillation 0 0.1
February 28 no scintillation 0 0.1
April 25 no scintillation 0 0.1
May 18 no scintillation 0 0.1
October 11 no scintillation 0 0.1
October 16 no scintillation 0 0.1
October 25 no scintillation 0 0.1

The GNSS satellites coverage is reduced at the poles, compared to low and
medium latitudes: Fig. 4 reports the skyplot over 24 hours from the SANAE
IV station. No satellites at high elevation are present, in particular towards the
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Fig. 2 Phase scintillation index for GPS L1 C/A satellites (elevation mask 30°) in case of
moderate scintillation.
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Fig. 3 Phase scintillation index for GPS L1 C/A satellites (elevation mask 30°) in case of
strong scintillation.

South direction. GPS satellites have a reduced coverage of this area, while Galileo
and GLONASS satellites reach a higher elevation in the sky. For this reason,
the contribution of the latter constellations for PPP is even more relevant in
Antarctica.
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0° ® GPS
@® GLONASS
® Galileo

Fig. 4 Skyplot of GPS, GLONASS and Galileo satellites over 24 hours from SANAE IV
station.

4 Analysis of PPP accuracy and convergence time

In this section, an analysis of accuracy and convergence time of PPP solutions
is made, by processing different datasets collected at SANAE IV. Results are ob-
tained exploiting a modified version of the RTKLIB software [38], considering
a kinematic PPP approachselution based on a smoother combined (forward and
backward) filter solution, a cutoff angle of 4830°, final CODE (Center for Orbit De-
termination in Europe) products for ephemeris and clocks, considering also earth
rotation parameters (ERP) and differential code biases (DCB). Both single and
multiple constellation combinations are considered, in three different test cases:
GPS-only, GPS/GLONASS, and GPS/GLONASS/Galileo. The number of visible
GPS satellites varies from 11 to 13, from 18 to 24 and from 22 to 29 in case of
GPS/GLONASS and GPS/GLONASS/Galileo, respectively. About the geometric
distribution of visible satellites, the maximum values of GDOP indexes are 2.7 for
the GPS-only case, 2.3 for GPS/GLONASS and 1.8 for GPS/GLONASS/Galileo.
Furthermore, the particular case of the presence of ionospheric scintillations is
analyzed in details.

The Root Mean Square (RMS) error is defined as the square root of the arith-
metic mean of the squares of the values evaluated as differences between estimated
values with respect to the reference ones. The convergence time is defined as the
interval from the first epoch processed to the epoch the horizontal component bias
of which is lower than 10 cm, and the height component bias is lower than 15 cm,
provided that the average deviation of the next 20 consecutive epochs also satisfies
these requirements.



Title Suppressed Due to Excessive Length 9

Table 2 RMS statistics of PPP kinematic solutions for three different constellation combina-
tions in the absence of scintillations.

| GPS GPS/GLO  GPS/GLO/GAL

East (m) | 0.064 0.015 0.008
North (m) | 0.032 0.024 0.011
Up (m) | 0.045 0.031 0.028

Table 3 Convergence time for PPP kinematic solutions for three different constellation com-
binations in the absence of scintillations. The improvements of multi-constellation results with
respect to the GPS-only case are shown in brackets.

| GPS  GPS/GLO  GPS/GLO/GAL

East (minutes) 21 13 (—38%) 10 (—53%)
North (minutes) 18 10 (—42%) 9 (—48%)
Up (minutes) 34 22 (—34%) 21 (—37%)

4.1 Scintillation-free scenario

In order to determine a benchmark, a scintillation free scenario is considered. Many
data collected in different days without any scintillation activity (Phi60 < 0.1
on all visible satellites along the whole observation window) are considered and
processed, as reported in the second part of Table 1: in all cases, the obtained
results are comparable to each others and there are no substantial differences. The
data collected on October 11, 2016, are shown as representative as scintillation-free
scenario.

Table 2 reports the RMS statistics for the three test cases, considering 24
hours of observations, and a sampling rate of 1s. As expected, the positioning
performance improves when multiple constellations are considered. Moreover, if
we add the observations obtained by Galileo satellites, the performance further
improves if compared to the GPS/GLONASS solution. The RMS values for East
and North components have dropped by half, while the Up component estimation
slightly improves.

As expected, the convergence time of the PPP solutions changes as a function
of the number of constellations considered.

The results are reported in Table 3. The convergence time for the GPS-only
case is equal to 21, 18, and 34 minutes in the East, North, and Up directions,
respectively. Adding GLONASS, the convergence time is reduced by 38%, 42%,
and 34% for the three components. If the Galileo constellations is also considered,
the improvement reaches 53%, 48%, and 37%. As also discussed in [23], the East
coordinate component needs longer time to converge than the North coordinate
component, due to the satellites constellation geometry.

4.2 Moderate and high phase scintillations

Considering the same GNSS station, nine different days characterized by moder-
ate and high ionospheric scintillation activity have been taken into account, as
reported in Table 1. Since the behavior of the results is the same regardless of
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Fig. 5 Differences of East, North and Up components between PPP kinematic solutions with
respect to the reference one, obtained considering the Bernese solution, following a double
difference approach coupled with the iono-free linear combination, on February 8, 2016.

Table 4 RMS statistics of PPP kinematic solutions for three different constellation combina-
tions in the presence of moderate scintillation activity.

| GPS GPS/GLO GPS/GLO/GAL

East (m) | 0.170 0.120 0.118
North (m) | 0.096 0.074 0.069
Up (m) | 0.268 0.194 0.179

the ionospheric scintillation events, only the results of February 8, 2016 and May
9, 2016 are shown as example of moderate and high phase scintillation events,
respectively. In the first case, the scintillation activity is concentrated from 00:00
to 07:30 UTC time, as shown in Fig. 2, with a peak between 01:00 and 02:00 UTC.
In the second case, phase scintillation is recorded from 00:00 to 09:00 UTC, with
strong peaks around 01:00, as shown in Fig. 3.

Fig. 5 shows the East, North and Up PPP error over 24 hours for data of
February 8. The impact of phase scintillations on the results is evident. In par-
ticular, the error on the Up component reaches 40 m. Furthermore, the fact that
scintillations are concentrated at the beginning of the measurement session further
affects the initial convergence time. This corresponds to the worst scenario.

Table 4 summarizes the RMS of all the components computed processing a
24-hours observation file of the moderate scintillation activity scenario, for the
three constellation combinations considered. As for the GPS-only configuration,
the RMS values are about three times higher in presence of scintillation. Adding
one or more constellations, the results improve, even though the benefits are less
remarkable than in the scintillation-free case.

Comparing Table 4 and Table 5, it is evident how the scintillation effects im-
pact on the RMS values of PPP results. The benefit of the use of GPS/GLONASS
constellations against the GPS-only is not only for estimating the Up component:
in this case, the improvement is about 28% and 44% when moderate and high
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Table 5 RMS statistics of PPP kinematic solutions for three different constellation combina-
tions in the presence of high scintillation activity.

| GPS GPS/GLO GPS/GLO/GAL

East (m) | 0.221 0.132 0.116
North (m) | 0.206 0.141 0.117
Up (m) 0.384 0.216 0.188

Table 6 Convergence time for PPP kinematic solutions for three different constellation com-
binations in the presence of moderate scintillations.

| GPS GPS/GLO GPS/GLO/GAL

East (minutes) 65 43 (—34%) 38 (—42%)
North (minutes) 38 21 (—45%) 20 (—47%)
Up (minutes) 95 49 (—48%) 41 (=57%)

scintillation activities are considered, respectively. However, this advantage is also
visible if the planimetric components are considered: the percentage is about 42%
and 23% for East and North components in case of medium scintillation while 40%
and 32% in case of high activity. The contribution of the Galileo constellation in
this case is not so strong, due to the reduced number of visible satellites during the
acquisition phase (2016). Considering the GPS/GLONASS/Galileo results com-
pared to the GPS/GLONASS ones, the improvements are about 2%, 7% and 8%
considering medium activity and 12%, 17% and 13% in presence of high scintilla-
tion. The benefits are more visible and important if the GPS/GLONASS/Galileo
results are compared to the GPS-only ones: in this case the improvements are
about 31%, 28% and 33% considering a medium activity, while 47%, 43% and
51% in presence of high scintillation.

As far as the convergence time is concerned, analyzing the moderate sce-
nario and considering the GPS-only constellation, the solution converges after
65, 38 and 95 minutes in the East, North and Up components respectively. If the
GPS/GLONASS configuration is considered, the convergence time decreases down
to 43, 21 and 49 minutes, as summarized in Table 6. Moreover, if a third constella-
tion is considered the solution converges more quickly, in about 40 minutes for all
components. In case of high scintillation activity, the results are slightly worse, as
shown in Table 7: considering the GPS-only constellation, the solution converges
after 74, 53 and 96 minutes in the East, North and Up components respectively,
while adding the GLONASS constellation to the GPS one, the results are better:
in this case, the solution converges in 63, 48 and 62 minutes. Adding the Galileo
constellation, there are no improvements in terms of convergence time: in this last
case the solution converges in 53, 41 and 52 minutes, with an improvement of
about 25 % for East and North components and about 46 % for the Up respect to
the GPS-only solution. This means that it is possible to reach a level of accuracy of
few centimeters in less than 1 hour, if multi-constellation solutions are considered,
even in presence of high ionospheric scintillation activity.
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Table 7 Convergence time for PPP kinematic solutions for three different constellation com-
binations in the presence of high scintillations.

| GPS GPS/GLO GPS/GLO/GAL

East (minutes) 71 63 (—11%) 53 (—25%)
North (minutes) 53 48 (—9%) 41 (—23%)
Up (minutes) 96 62 (—35%) 52 (—46%)

5 Conclusion

Despite being one of the most used GNSS positioning techniques, PPP is limited
by the long convergence time and the accurate modeling of atmospheric delays, es-
pecially under disturbed ionospheric conditions. This effect is magnified at higher
latitudes, where the satellites visibility is limited and ionospheric scintillations are
more frequent and intense: such events impact the quality of the GNSS position-
ing solutions in terms of accuracy and convergence time. This paper has demon-
strated the usefulness of a multi-constellation receiver for PPP in the presence
of intense ionospheric activity, for sites located at high latitude. The benefits of
multi-constellation solutions are not only related to the improvement of accuracy
but also to the reduction convergence time. Under quiet ionospheric conditions,
the multi-constellation approach allows to reduce the convergence time by about
40% for all components and the RMS values are in average two times lower than
the GPS-only solutions. In the presence of moderate and high scintillation ac-
tivity, the use of GLONASS and Galileo satellites reduces the convergence time,
enabling significantly faster PPP solutions. These results confirm that, when per-
forming PPP measurements in polar regions, it is important to verify the presence
of ionospheric scintillation, as they afflict the quality of the solution, especially if
such events are concentrated at the beginning of the measurement session.
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