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Abstract — GPS and GLONASS are currently the Global Navigation Satellite Systems (GNSS) with full
operational capacity. The integration of GPS, GLONASS and future GNSS constellations can provide better
accuracy and more reliability in geodetic positioning, in particular for kinematic Precise Point Positioning
(PPP), where the satellite geometry is considered a limiting factor to achieve centimeter accuracy. The
satellite geometry can change suddenly in kinematic positioning in urban areas or under conditions of strong
atmospheric effects such as for instance ionospheric scintillation that may degrade satellite signal quality,
causing cycle slips and even loss of lock. Scintillation is caused by small scale irregularities in the
ionosphere and is characterized by rapid changes in amplitude and phase of the signal, which are more
severe in equatorial and high latitudes geomagnetic regions. In this work, geodetic positioning through the
PPP method was evaluated with integrated GPS and GLONASS data collected in the equatorial region under
varied scintillation conditions. The GNSS data were processed in kinematic PPP mode and the analyses
show accuracy improvements of up to 60% under conditions of strong scintillation when using multi-
constellation data instead of GPS data alone. The concepts and analyses related to the ionospheric
scintillation effects, the mathematical model involved in PPP with GPS and GLONASS data integration as
well as accuracy assessment with data collected under ionospheric scintillation effects are presented.
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1 Introduction

Global Navigation Satellite Systems (GNSS) are widely
used nowadays for geodetic positioning, atmospheric moni-
toring, navigation and in scientific research, among many other
activities. Current systems include GPS, GLONASS, Galileo,
BEIDOU/COMPASS, as well as Augmentation Systems such
as European Geostationary Navigation Overlay Service
(EGNOS) and Wide Area Augmentation System (WAAS)
aimed at improving accuracy, availability and integrity. GPS is
the most used GNSS, since it has been fully operational for
more than two decades now. Nevertheless, GLONASS is also
currently a fully operational system with a complete satellite
constellation (GLONASS, 2016).

The differences between GPS and GLONASS are well
disseminated in the literature and the most important of them is
related to the signal transmission, with GPS using Code
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Division Multiple Access (CDMA) and GLONASS using
Frequency Division Multiple Access (FDMA). However, in an
ongoing modernization process, the GLONASS satellites are
also transmitting signals based on the CDMA technique,
starting with the launch of GLONASS-K satellites (Oleynik,
2012; GLONASS, 2016).

Concerning geodetic positioning, special attention has been
given in recent years to Precise Point Positioning (PPP) that
unlike relative positioning allows position estimation based on
a single user receiver. To achieve positioning with centimeter
accuracy, the PPP method requires the precise orbits, satellite
clock corrections and mathematical modelling for practically
all involved effects, either those related with signal propagation
or the geodynamic effects affecting the terrestrial stations
(Seeber, 2003; Leick, 2004; Hofmann-Wellenhof et al., 2008;
Marques et al., 2016). PPP state of the art takes into account the
ambiguity resolution, either in real time or in the post
processing mode, which has been the motivation for several
investigations in recent years, as for example in Ge et al.
(2005); Collins & Bisnath (2008); Laurichesse et al. (2009);
Geng et al. (2010); Teunissen & Khodabandeh (2015).
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The estimated parameters in PPP data processing are, in
general, tridimensional coordinates, receiver clock error,
tropospheric effects and carrier phase ambiguity for each
satellite being tracked. In particular for kinematic trajectories,
PPP is strongly influenced by the geometry of the satellite
constellation being tracked. The effect of the geometry can be
measured by the Dilution of Precision (DOP) parameter, which
is strongly related with the number and spatial distribution of
satellites. Kinematic positioning is in general degraded when a
small number of satellites is available, which frequently occurs
in urban trajectories or under severe atmospheric conditions, as
for example, under ionospheric scintillation effects.

Scintillation effects are more intense in geomagnetic
equatorial and high latitude regions where the occurrences are
mostly related respectively to the equatorial anomaly and
geomagnetic storms. Scintillation is caused by small scale
irregularities in the ionosphere and is characterized by rapid
changes in the amplitude and phase of signal, sometimes
leading to phase cycle slips and even signal loss of lock. For
GPS, the L2 signal (1227.6 MHz) is generally more affected
and losses of signal in the L2 can cause problems when
applying the ionosphere free combination (ion-free) that is
generally used in PPP. Therefore, it is expected that under such
conditions the addition of GLONASS data in the position
estimation can improve the satellite geometry and consequent-
ly considerably improve positioning accuracy.

Several research works have attempted to counter
ionospheric scintillation effects on positioning accuracy,
where the following can be cited: Conker et al. (2003) that
investigate the effect of scintillation on the availability of
GPS and SBAS; Aquino et al. (2009) and Silva et al. (2010)
that discuss the least squares stochastic model based on signal
tracking variances estimated by the models proposed in
Conker et al. (2003), respectively, for relative and absolute
positioning aiming to mitigate ionospheric scintillation
effects; Xu et al. (2012) that present analyses of PPP under
strong ionospheric scintillation conditions and shows that the
largest PPP error can increase to more than 34 cm and 20 cm,
respectively for the vertical and horizontal components;
Marques et al. (2016) that show the performance of GPS L2C
signal under varied ionospheric scintillation conditions and
Zhang et al. (2014) that propose an adaptive and iterative
Kalman filter and quality control for rejecting observables
affected by scintillation. The accuracy of the estimated
position through PPP can be significantly degraded under
scintillation conditions, especially in the kinematic mode.
This is due to the weakening of the GNSS signal caused by
scintillation effects that may lead to cycle slips and even total
loss of lock. In the traditional PPP processing, i.e. without
scintillation based stochastic modelling or adaptive process,
the ambiguity parameter is reinitialized when a phase jump is
detected, in general, by relaxing the state covariance matrix
of the Kalman filter. When several satellites are affected, such
strategy can cause jumps in the coordinates' time series. The
strategy of taking the affected satellite out of the processing
works well when there are enough satellites in view at the
specific epoch of processing, which is not always the case for
kinematic situations under conditions of bad geometry. In this
article, the impact of introducing data from a new
constellation in the traditional kinematic PPP is analysed,
considering data under moderate to strong scintillation

conditions. The methodology involved in PPP with GPS
and GLONASS integration, including analysis of the impact
of scintillation on GPS and GLONASS signals and also
accuracy assessment with data collected under scintillation
effects is described.

The data were collected by Septentrio-PolaRxS-PRO
receivers belonging to the ionospheric scintillation monitoring
network deployed in Brazil as part of the EC funded CIGALA
and CALIBRA projects (Vani et al., 2016). These receivers
collect GNSS data, as well as the well-known scintillation
indices S4 and o, commonly used to characterize,
respectively, amplitude and phase scintillation effects (Davies,
1990; Van Dierendonck et al., 1993). The data was processed
by using the CSRS-PPP software licensed by Natural
Resources Canada (NRCAN) for in-house purposes. This
article presents the mathematical model involved in PPP with
GPS/GLONASS integration, the characterization of ion-
ospheric scintillation through the S4 and o, indices, as well
as PPP accuracy analyses by using GPS data alone and the
integration of GPS and GLONASS data collected under
ionospheric scintillation effects.

2 Bibliography review

2.1 PPP functional model for GPS and GLONASS
integration

Concerning the PPP method, the pseudorange (P) and
carrier phase equations (¢) (in meters) for GPS (G) and
GLONASS (R) at frequency (f;) in the Li band can be written as
(Leick, 2004; Hofmann-Wellenhof et al., 2008; Cai & Gao,
2007):
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where p° (s=G or s=R, respectively, for GPS and GLONASS
satellites) represents the geometric distance between satellite
“s” and receiver “rec”; ¢ is the speed of light in vacuum; 6z,
and ot} are, respectively, receiver and satellite clock errors;
8l is the delay caused by the ionosphere; 67%.. is the
tropospheric delay error; Orb*® is the error due to imperfections
in the satellite orbit determination; &m°® represents the
multipath effect; ¢f(z) and ¢.(f) are the initial phase at
time ¢, respectively for satellite and receiver; N3, is the phase
ambiguity bias and e represents the unmodeled errors for either

pseudorange or phase.
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When combining GPS and GLONASS data in the
positioning adjustment, special attention must be given to
the signal structure and its characteristics for each navigation
system. Originally, two carrier signals in the L band are
disseminated and modulated by two binary codes and
navigation messages. GLONASS transmits its signals in
different frequencies by using the FDMA technique, while
GPS applies CDMA, currently transmitting data centered at
frequencies L1, L2 and L5 (Hofmann-Wellenhof et al., 2008;
ICD-GLONASS, 2008). However GLONASS is also currently
transmitting data by using the CDMA technique on L3
(centered at 1202.025MHz), starting with the launch of
satellite GLONASS-K in the year 2011, which is part of their
modernization process and will facilitate interoperability with
GPS and Galileo (Oleynik, 2012).

When applying precise orbits in the PPP processing the
solutions with GPS and GLONASS data integration can be
referred to the International Terrestrial Reference Frame
(ITRF). Therefore, when applying broadcast orbits it is
necessary to make the geodetic reference systems, i.e. WGS84
for GPS and PZ90 for GLONASS, compatible. The receiver
clock errors are represented by 89 and 8% , while the satellite
clock errors by 8t and 8%, respectively, for GPS and
GLONASS. The clock errors are given in relation to the
corresponding system time, i.e. GPS and GLONASS time,
respectively, requiring the adoption of a common time system,
normally GPS time. The clock error solution is given by the
introduction of the unknown parameter (8ts) that can be
written as (Cai & Gao, 2007):

8trec =1— tsy57 (5)

where f is the GPS system time (¢gps), for GPS observables,
or the GLONASS time (fgrLonass), for GLONASS observ-
ables. Since the clock error is related to its own system time,
the PPP processing with data integration includes the
estimation of two receiver clock parameters. The GLONASS
receiver clock error and its relation with GPS time can be
written as (Cai & Gao, 2007):

(Sl‘fec =1t — tgLoNass = ¢ — tgps + fGps — IGLONASS
—— N—_——

84, Stsys

= 819, + Stiys, (6)

that is a function of the receiver clock error for GPS and the
difference between the GPS and GLONASS system times.

Applying equation (6) in equations 1-4 yields the
following results for GLONASS:
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The inter-frequency bias must also be accounted for in the
above equations and this is described by Wanninger (2011) and
Cai & Gao (2013). Based on the equations presented in this
section and other considerations that are out of the scope of this
paper, one can estimate the receiver clock error for GPS (85,
the time system difference (8%ys), carrier phase ambiguities for
each satellite, tropospheric effects and the coordinates of the
station. The first order ionospheric delay can be corrected by
applying the ionospheric free linear combination or by the use
of Global Tonosphere Maps, or any other ionospheric model
such as the Klobuchar model (Klobuchar, 1976) in case only
single frequency data are available. The absolute positioning
mathematical model with signal integration taking into
account multiple GNSS constellations, e.g.: GPS, GLONASS,
Galileo and BEIDOU, can be found, for instance, in Li et al.
(2015).

2.2 lonospheric scintillation effects

Scintillation is characterized by rapid variations in the
amplitude and phase of the GNSS signal and is caused by small
scale irregularities in the ionosphere. The occurrence of
scintillation is intense in the geomagnetic equatorial and high
latitudes regions, in particular during solar maxima (Fig. 1).
Concerning the equatorial regions, scintillation occurrence is
associated with the crests of the equatorial anomaly (centered
approximately 15° in latitude on either side of the geomagnetic
equator), where plasma bubbles can frequently appear, leading
to the generation of irregularities that may cause scintillation.
On the other hand, in the high latitude regions, scintillation
occurrence is more frequently related with geomagnetic storms
that are associated with solar flares, coronal mass ejections and
coronal holes. Figure 1 shows the morphology of scintillation
occurrence (Davies, 1990; Basu & Groves, 2001; Conker et al.,
2003).

Scintillation can be monitored through the amplitude and
phase scintillation indices, respectively S4 and o,. The S4
index can be computed from the satellite signal power or signal
intensity (SI) tracked by the receiver and can be interpreted as a
normalized standard deviation around the intensity average.
The S4 index can be computed through the following equation
(Van Dierendonck, 2001):

oo E{SI?} — EZ{SI}27 9)
" Efsn

where SI is the intensity of the received satellite signal, £ {.}
represents the mathematical expectation (average) over a
determined interval, as for example, 60 s for a sampling rate of
50 Hz.

The phase scintillation index, o, is the standard deviation
(in radians) of the carrier phase, and is averaged over intervals
of 1, 3, 10, 30 and 60 s, based on 50 Hz measurements made
over every 1 min (Van Dierendonck, 2001). Most researchers
use the 60s version of o, also referred to as Phi60, for
analysis. The Phi60 index is given by the standard deviation of
the 3000 values of the carrier phase measured at the input of the
receiver Phase Locked Loop during the 1 min of reference, and
therefore contains the whole frequency range of the spectrum
of the phase measurements for that period of time (Aquino
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Fig. 1. Geographic regions of scintillation occurrence (Basu and Groves, 2001).

Table 1. Classification of the ionosphere scintillation severity.

Classification Index

Strong (S84 > 1.0 or Phi60 > 0.8)

Moderate (0.5 <854 <1.0 or 0.4 <Phi60 <0.8)
Weak (84 < 0.5 or Phi60 < 0.4)

et al., 2007). It is common practice to use the Phi60 and S4
indices to classify ionospheric scintillation severity as weak,
moderate or strong, for example as shown in Table 1 (Tiwari
et al., 2011):

These indices are normally computed and recorded by
specialized GNSS receivers that are capable to collect GNSS
high rate raw data (e.g. at 50 Hz) and which normally also
compute additional ionospheric parameters such as Total
Electron Content (TEC) values. These receivers are generally
referred to as Ionospheric Scintillation Monitoring Receivers
(ISMR) and can nowadays be found in dedicated monitoring
sites around the world, as for example at the GPS Scintillation
Monitors (SCINTMON) network in operation over the
Brazilian territory (De et al., 2007) or at the CIGALA/
CALIBRA network, also deployed in Brazil (Vani et al.,
2016). The experiments described hereafter are based on the
use of data recorded by these specialized receivers, and results
and analysis are presented in the next section.

3 Experiments, results and analyses

The experiments were carried out by utilizing GNSS data
from ISMR stations PRU1, PRU2 and PALM that belong to
the CIGALA/CALIBRA network in Brazil (Fig. 2), consider-
ing a number of days in the years 2011, 2012 and 2013. The
days were chosen based on the observed ionospheric
scintillation severity, as characterized by the S4 and Phi60
indices (Table 1). The PPP processing was accomplished
through the “CSRS-PPP” software from NRCAN either
applying the online tool or the version provided directly by
NRCAN with the source code of the software licensed for in-
house purposes (Donahue et al., 2015). The CSRS-PPP is

oy

Magnetic Equator

PRU1

$FRUZ Rio de Janeiro

Sao Paulo

Sgntiago

Fig. 2. Stations used in the experiments.

capable of processing GPS and GLONASS data in the static
and kinematic PPP modes, applying the ionospheric free linear
combination when dual frequency data is available, which
allows eliminating the first order ionospheric error. The higher
order ionospheric effects (second and third order), depending
on the geomagnetic field and electron density can be
eliminated through mathematical models and by using
information from the International Geomagnetic Reference
Field (Bassiri & Hajj, 1993; Kedar et al., 2003; Fritsche et al.,
2005; Hoque & Jakowski, 2007; Hernandes-Pajares et al.,
2007; Marques et al., 2011; Zhimin et al., 2016). The CSRS-
PPP computes the higher order ionospheric effects based on
equations described in the IERS2010 Conventions (Petit &
Luzum, 2010). The troposphere is modeled through the
estimation of the Zenithal Wet Delay (ZWD) component as a
random walk process while the Zenithal Hydrostatic Delay can
be computed from mathematical models, as for example, the
Saastamoinen or Hopfield models. The software also allows
correcting for Ocean Tide Loading, Earth Body Tide, Phase
Center Variation of receiver and satellites, phase windup,
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Fig. 3. S4 and Phi60 (GPS — L1) for PRU2 station (DoY: 233-234 and 324-325).

among many other corrections relevant to PPP. The
coordinates are represented in the ITRF.

The data were processed considering a satellite elevation
mask of 10°, final precise orbits and clocks from the
International GNSS Service, with the ZWD estimated as a
random walk process (5mm/h). The precisions (standard
deviation) of 1 m and 0.01 m, were assumed, respectively for
the ionospheric free code and phase observables. The adopted
processing strategy was to first process GPS data alone, and
then the integrated GPS and GLONASS data (GPS/GLO-
NASS). The RINEX files were edited with the “teqc” software
available from UNAVCO's homepage (https://www.unavco.
org/software/data-processing/teqc/teqc.html).  Although the
data was collected in static mode, the processing was carried
out in kinematic mode for both the GPS and GPS/GLONASS
solutions. The results were compared to known station
coordinates used as ground truth, allowing to refer to the
differences as “errors”.

As documented in the literature (Kelley, 1989) the
occurrence of ionospheric scintillation at equatorial latitudes
in general starts after local sunset, approximately at 21:00 UTC
(18:00LT), and affects the GNSS signals until around
03:00 LT in the morning (06:00 UTC) of the next day. Strong
scintillation can impact negatively the estimated position, in
particular in kinematic surveying, and especially in real time.
The first experiment involved GNSS data from PRU2 station
considering two pairs of consecutive days in the year 2011.
The first pair refers to days 21 and 22 of August 2011 (DoY
233-234), when weak scintillation was predominant, and the
second pair refers to 21 and 22 of November 2011 (DoY 324-
325), which presented periods of strong scintillation (S4 > 1).

Figure 3 shows the S4 and Phi60 values computed for the GPS
L1 frequency during the days of the experiments.

According to Table 1, the first pair of days (233-234)
represents mostly a weak scintillation period, whereas the
second pair (324-325) experienced some strong scintillation
effects, particularly in the period of 23:00 UTC of day 324 until
06:00UTC the next day. The Vertical TEC (VTEC)
distribution over South America is shown in Figures 4 and
5, repectively for days 233-234 and 324-325. The plots of
VTEC were obtained from La Plata Ionospheric Model
(LPIM) Regional Ionospheric Maps available in the context of
the Geocentric Reference System for the Americas (SIRGAS)
project (http://www.sirgas.org/index.php?id=155&L=2) (Bru-
nini et al., 2008).

It can be seen in Figure 4 that the VTEC distribution for
days 233-234 0f 2011 is typical of a quiet ionosphere, with low
VTEC values and mostly smooth gradients. This is in total
contrast with Figure 5, for days 324-325, when much more
intense ionospheric activity is present, with sharp gradients
being observed and VTEC values reaching peaks of up to 80
TECU.

The activity starts to increase at around 13:00 UTC on day
324 and continues until around 06:00 UTC the next day. From
around 20:00/21:00UTC on day 324 the effects of the
equatorial anomaly can be clearly seen in the plots of Figure 5,
with the characteristic double peak in the TEC distribution.
The sharp gradients existing between the crests and trough of
the TEC distribution provide the favorable conditions for the
generation of irregularities that cause scintillation.

The uncalibrated Slant TEC (STEC) for all satellites being
observed over the PRU2 station can be seen in Figure 6. The
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DAY:233, YEAR: 2011

DAY:234, YEAR: 2011

Fig. 4. VTEC distribution for days 233-234 of 2011.
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Fig. 5. VTEC distribution for days 324-325 of 2011.
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Fig. 6. Slant TEC distribution over the station PRU2.
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324-325 of 2011).

uncalibrated STEC does not account for the Interfrequency
Bias (IFB) and therefore can assume negative values, but this is
not relevant for the analysis of variations in the STEC. In
Figure 6, strong variations, with values reaching peaks of up to
200 TECU on days 324 and 325 of 2011 are observed. The
STEC from LPIM is estimated based on GNSS observables
and accounts for the IFBs, which are estimated by the well

1,4 -
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-
£08 -
a
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o
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S 00548 50 B0 80 S e B Bo St S B T BB Y,
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Fig. 10. RMS of multipath (entire day) at station PRU2.

known technique described inCiraolo et al. (2007), Brunini
et al. (2008) and Brunini and Azpilicueta (2009, 2010).

As the error due to the ionosphere generally affects most
significantly the vertical component in GNSS positioning, the
accuracy (error against the established ground truth) of the
estimated elipsoidal height (%) has been chosen as the metric to
carry out the analyses. These errors (either considering GPS or
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Fig. 11. Height error (left) and estimated height precision (right) for DoY 324-325 of 2011.

Table 2. RMS of height and improvements considering the entire
period.

DoY of 2011 GPS GPS/GLONASS Improvement (%)
233-234 0.098 0.091 8
324-325 0.947 0.354 63

GPS/GLONASS data) for the PRU2 station on doy 233-234 of
2011 (weak scintillation effects) are shown in Figure 7 (DH),
as well as the precision of the estimated height (SigH)
considering the data processing starting and finishing at
12:00 UTC of each day.

The height error for PRU2 station on days 233-234 does
not present significant differences between the solutions using
GPS alone and GPS/GLONASS, considering that the
scintillation levels on these days are weak (Fig. 3). Concerning
the precision, the integrated GPS/GLONASS solution pro-
vides better precision for all epochs in the time series, as can be
seen on the right hand side plot of Figure 7. This is in
agreement with what is expected when applying data from the
GNSS integration.

The height error by using only GPS data on days 324-325
of 2011 (under strong scintillation levels) can be seen in
Figure 8 together with the number of satellites in view and also
the S4 per satellite.

As shown in Figure 8, during periods affected by strong
scintillation, the number of GPS satellites available for
positioning decreases considerably, with not enough data for
position estimation at some epochs. Besides that, most
satellites involved are affected by scintillation effects as can
be seen in the plot of S4 per satellite. Such example illustrates
the fact that taking the affected satellite (s) out of the
processing may not be the best strategy for kinematic
positioning. The height error in this case reached a maximun
of approximately 8 m.

As shown in Figure 9, under such harsh scintillation
conditions a large number of cycle slips, losses of lock and
outliers due to scintillation effects are observed, what
sometimes requires the ambiguity reinitialization in the

recursive adjustment, causing jumps in the coordinates time
series.

The cycle slip identification presented in Figure 9 was
accomplished by using in-house software called “RT_PPP”
that applies a recursive filter with the wide-lane combination of
GPS pseudorange and phase in L1 and L2 bands (Blewitt,
1990). It is possible to see in Figure 9 that most cycle slips
occur during the period affected by strong ionosphere
scintillation.

The RMS of multipath between L1 and L2 (MP12)
observables, computed for the data being analysed (DoY 233—
234 and 324-325 of 2011) using the teqc software, is shown in
Figure 10. This software applies the equations described in
Estey & Meertens (1999).

As seen in Figure 10, the level of multipath is amplified for
most of satellites in on DoY 324-325 of 2011 what is probably
correlated with the ionosphere conditions (Figs. 5 and 6) and
scintillation effects (Fig. 3) (Zheng et al., 2012; Chen et al.,
2016). In such cases the RMS daily mean of MP12 was
0.523 m and 0.641 m, respectively, for the pairs DoY 233-234
and 324-325 of 2011.

The height error and precision for days 324-325 of 2011
for the PRU?2 station considering the integration of GPS and
GLONASS are shown in Figure 11.

From Figure 11 it is possible to see that the integration of
GPS/GLONASS data provided better results when compared
to GPS data alone. The RMS for the estimated height
component was computed considering respectively the
differences between estimation with GPS only and with
GPS/GLONASS integration. Results are presented in Table 2
together with the improvements achieved by the integration,
considering the entire period of data processing (24 h).

For the days with weak scintillation, the improvement
when using integrated GPS/GLONASS instead of GPS only
reaches the order of 8%. However, for the days with strong
scintillation the improvement reaches the order of 63%, with
RMS of 0.947m for PPP with GPS only and 0.354 m with
GPS/GLONASS. Considering only the period most affected
on days 324-325 of 2011, i.e. the period from 23:00 UTC of
day 324 until 06:00 UTC of day 325, the RMS was 1.749 m for
GPS alone and 0.656 m for GPS/GLONASS, respectively, also
showing an improvement of approximately 63%.
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Fig. 13. S4 and Phi60 for the L1 frequency for station PRUI.

Other days during the years 2012 and 2013 with data under
weak and moderate to strong ionospheric scintillation effects
were also analyzed. The chosen days are: 20/10/2012 (DoY
294 of 2012), 29/08/2013 (DoY 241 of 2013), 14/11/2013
(DoY 318 of 2013) and 25/11/2013 (DoY 329 of 2013).
Figures 12 and 13 show the S4 and Phi60 values (L1 frequency
for GPS and GLONASS) observed respectively at stations
PALM and PRUI for the specific days.

Analyzing the S4 and Phi60 values shown in Figure 12 it is
possible to see that in all cases for the station PALM the
ionospheric scintillation effects can be classified as weak to
moderate (S4 <1 and Phi60 < 0.8) according to Table 1.
However, for station PRU1, as shown in Figure 13, only on
DoY 241 in 2013 (29/08/2013) can the ionospheric scintilla-
tion activity be classified as weak to moderate and for the
remaining days it can be classified as moderate to strong, with

S4 reaching values greater than 1. It is also possible to see in
Figures 12 and 13 that the GLONASS signal is more
susceptible to ionosphere scintillation effects than GPS, with
Phi60 reaching values greater than 0.8.

All data collected at stations PALM and PRU1 were
processed in kinematic mode PPP, both using GPS only and
GPS/GLONASS data. The time series of the estimated height
precision can be seen in Figures 14 and 15, respectively, for
stations PALM and PRUI.

As expected, it can be seen in Figures 14 and 15 that the
estimated precision when processing GPS/GLONASS data is
consistently better than when applying only GPS data. Such
outcome is expected since the number of satellites increases
considerably (from an average of 8 to approximately 15) when
adding the GLONASS constellation, consequently improving
the geometry (DOP). The precision time series for PRUI on
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DoY 241 and 318 present peaks of initialization near the
epochs 13:30UTC and 14:00 UTC respectively, as can be
observed in Figure 15. Such peaks occurred due to cycle slips
on several satellites, detected at the cited epochs, as
highlighted (red ellipses) in Figure 16.

The comparison of the estimated height with the
established ground truth is presented in Figures 17 and 18
for PALM and PRUI stations respectively.

Analyzing the errors in the estimated height, improvement
can be seen when applying GPS/GLONASS compared to GPS
alone, in particular during periods of scintillation occurrence,
around the first six hours and near 24:00 UTC. Table 3 presents
the RMS in the East, North and Up components in the Local
Geodetic System and also the resulting 3D errors and

corresponding improvements considering the entire period
(24 h) of data involved in the processing.

The improvement in the 3D error (Table 3) for station
PALM (weak to moderate scintillation) ranges from approxi-
mately 7% up to 34%, while for PRU1 (moderate to strong
scintillation) it ranges from approximately 11% up to 57%,
considering the entire period (24 h) of data processing. The
ionospheric scintillation conditions are shown in Figures 12
and 13, where for station PALM scintillation levels are
classified as weak to moderate and for PRUI as moderate to
strong. The improvement when applying GPS/GLONASS as
opposed to GPS alone in the PPP solution can be more clearly
noticed in the height component (Up), whereas for the
horizontal component on some of the days there is no
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Table 3. RMS of the kinematic PPP and improvements.

Station name DoY East (m) North (m) Up (m) 3D (m) Improvement 3D (%)
GPS GPS/GLO GPS GPS/IGLO GPS GPS/GLO GPS  GPS/GLO
294/2012  0.049  0.023 0022 0.021 0.119  0.093 0.180 0.167 7
241/2013  0.065 0.030 0.027 0.029 0.114 0.105 0.193 0.189 2
PALM 3182013 0.052  0.060 0.056  0.060 0316 0.150 0342 0227 34
3292013 0.057 0.031 0.068 0.034 0.143  0.093 0221  0.190 14
294/2012 0291 0.192 0319 0.165 0.719 0253 0.839 0357 57
241/2013  0.092  0.062 0.177  0.175 0.158  0.131 0254 0227 1
PRUI 3182013  0.161  0.089 0219 0.179 0.468 0.198 0542 0281 48
32912013 0.067 0.111 0209 0.194 0.488 0284 0535 0361 33

improvement, such as for example on days 318/2013 for
station PALM and 329/2013 for PRUI1. Therefore, it is
plausible to conclude that the level of improvement is greater
for moderate to strong scintillation conditions, such as
observed at station PRU1 where the maximum improvement
reached approximately 57% on day 294 of 2012.

4 Conclusions

The occurrence of ionospheric scintillation on GNSS
signals is intense in the geomagnetic high latitudes and
equatorial regions. The Brazilian territory is considerably
affected, where scintillation occurrence is associated with the
crests of the equatorial anomaly. An analysis of the impact of
ionospheric scintillation effects on GPS and GLONASS

signals was presented, along with accuracy assessment in
kinematic PPP processing. The ionospheric scintillation
conditions were characterized by the widely recognized
amplitude and phase scintillation indices, respectively S4
and o,

The mathematical model involved in PPP with GPS/
GLONASS integration was described in detail and PPP
accuracy analyses were carried out aiming to compare the use
of GPS data alone with integrated GPS and GLONASS data,
under ionospheric scintillation conditions. PPP processing in
kinematic mode was used for the analyses, as this technique is
strongly influenced by the effects of ionospheric scintillation.

The experiments exploited GNSS data collected by the
CIGALA/CALIBRA network, which is equipped with
specialized ISMR receivers capable to provide not only GNSS
data but also the S4 and o, indices, among other parameters.
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The data collected at station PRU1 on DoY 324-325 of 2011
experienced strong scintillation effects for at least 6 hours
starting near 23:00 UTC of DoY 324 until 06:00 UTC of DoY
325. During this period the S4 and o, indices reached values of
approximately 1.5 (Fig. 3) and STEC reached the order of 200
TECU (Fig. 6).

The estimated coordinates' time series in kinematic PPP
mode presented peaks of approximately 8 m when using GPS
data alone (Fig. 8). These peaks occur mainly due to losses of
signal lock and cycle slips, which cause the ambiguity
parameter reinitialization in the recursive adjustment. Howev-
er when adding GLONASS data (Fig. 11) considerable
improvement was observed, especially in the accuracy of the
height component, which reached the order of 63% in RMS
(Table 2).

The GNSS data at station PRU1 on DoY 233-234 of 2011,
classified as a period of weak to moderate scintillation (Fig. 3),
observed improvement in height accuracy up to the order of
8% when adding GLONASS data in kinematic PPP processing
(Table 2).

Other days during the years 2012 and 2013, characterized
as days of weak and moderate to strong ionospheric
scintillation levels, were also analyzed. It was noticed that
the GLONASS signals seem to be more susceptible to
ionospheric scintillation effects than the GPS signals (Figs. 12
and 13), what can be related with the structure or the power of
the GLONASS signals.

The estimated precision achieved in kinematic PPP was
shown to be consistently better when integrating GPS and
GLONASS data, as opposed to using GPS data alone — this is
seen in Figures 14 and 15, what is already expected since there
are more GNSS data available for positioning. The accuracy
improvement in positioning is greater for cases where
scintillation levels are moderate to strong, with improvements
in the 3D error for PALM (weak to moderate scintillation)
reaching up to 34% and for PRUI (moderate to strong
scintillation) reaching up to 57%, considering the entire period
(24 h) of data processing (Table 3).

In conclusion, based on the analyses carried out in this
study, it is possible to infer that using multi-constellation
GNSS data can improve positioning accuracy under ion-
ospheric scintillation conditions, in particular when they are
moderate to severe.
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