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Abstract:

Several approaches concerning the use in positioning of GNSS (Global Navigation Satellite
Systems) can be considered: systems, applied methods and errors that can affect the signals.
Following the GLONASS (GLObal NAvigation Satellite System) constellation reestablishment
(2011), there was renewed interest in its use with GPS (Global Positioning System). Different
possibilities are available concerning applied methods, such as the virtual reference station (VRS)
concept (it is possible to obtain data for a virtual station that does not physically exist, using data
from a network). One of the main sources of error related to the GNSS signal, is the ionosphere.
Many studies have been developed aiming to evaluate GPS positioning quality and influences that
can affect it, but there are still several investigation possibilities concerning GLONASS. In this
context, this research is intended to assess the GPS/GLONASS virtual data positioning performance
considering regions and periods with different ionospheric behavior. A high correlation between
the results from virtual and real data (Pearson’s correlation coefficients around 0.8) was noticed.
GPS/GLONASS data performance presented better mean squared error results compared to GPS
alone (average 3D improvement was 45 cm - 49%). In addition, it was possible to verify ionosphere
influence in the positioning error, taking into account station region and period of the year.
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1. Introduction

GNSS (Global Navigation Satellite Systems) led to fast technological improvement in
positioning activities. Nowadays (2019), GLONASS (GLObal NAvigation Satellite System) and GPS
(Global Positioning System) are the systems available with full constellations. Since the
modernization and reestablishment of GLONASS, interest in the combined use of GPS/GLONASS
has been renewed. The use of more than one constellation is important due to the number of
visible satellites, which increases the number of available observables and can improve the
geometry of satellites (Hofmann-Wellenhof, Lichtenegger and Wasle 2008).

Several factors must be considered to assess positioning quality, for instance the applied
positioning methods and the errors that can affect the transmitted signals. Concerning errors, the
ionosphere is one of the main sources, mainly for single frequency users. lonospheric irregularities
are related, for instance, to ionospheric scintillation, which can lead to loss of lock and degrade
positioning accuracy. lonospheric influence intensity varies due to the region of station, magnetic
activity, solar activity and other factors (McNamara 1991).

Concerning the positioning methods available, in the last decade, Real Time Kinematic
(RTK) methodologies have emerged. Use of RTK presents limitations related to baseline length due
to space error decorrelation, such as those related to atmospheric effects. In order to overcome
this limitation, the concept of positioning based on reference station network emerged. This
enabled the development of new methodologies, such as the Virtual Reference Station (VRS)
concept (Wu, Kubo and Yasuda 2003). For this method, real data from a GNSS station network are
used to generate virtual data, simulating a station near the user (Hofmann-Wellenhof,
Lichtenegger and Wasle 2008). In relation to this, a system applying the VRS concept for obtaining
GPS virtual data with several options of correction models was developed at UNESP (Alves 2008).

In recent years, several methods were developed aiming to verify the quality of data from
the VRS concept. Some positioning methods were applied in this context, considering relative
positioning (Alves, Monico and Dalbelo 2007; Alves and Monico 2010; 2011; Alves, Abreu and
Souza 2013), RTK (Silva, Monico and Alves 2016; Berber and Arslan 2015) and precise point
positioning (Alves, Monico and Dalbelo 2009; Alves and Monico 2011; Alves et al. 2016; Oliveira,
Alves and Ferreira 2014a). In addition, some studies investigated the use of some atmospheric
models, as in Alves, Monico and Dalbelo (2007), Alves et al. (2016) and Oliveira, Alves and Ferreira
(2014a; 2014b). However, in those papers, the VRS use was assessed for GPS data only. With
GLONASS modernization, new approaches are required aiming to verify the quality of virtual data
and the various application possibilities of the system. In this context, Jerez (2017) performed
some improvements in the system developed by Alves (2008), aiming to generate GLONASS and
GPS/GLONASS data for virtual stations, enabling new investigation approaches.

In this paper, we present some results from the improved VRS-UNESP version, which
enables GLONASS virtual data generation. Virtual data were obtained in RBMC (Brazilian Network
for Continuous Monitoring) station positions aiming to evaluate data quality. It therefore became
possible to assess real and virtual data performance in precise point positioning. An experiment
using GPS and GPS/GLONASS data was performed, considering three Brazilian regions and two
periods of the year with different ionospheric activity behavior.
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2. Background

In the analysis carried out in this paper, three different approaches were considered: the
systems (GPS and GPS/GLONASS data were used); the ionospheric activity (seasonal and regional
variations were considered); and the type of data (real and virtual data were assessed). In this
section, we present an overview of the main topics considered for analysis in each approach.

2.1 Global Navigation Satellite Systems

GNSS is composed of operational systems, GPS and GLONASS, under development
systems, Galileo and BeiDou, and augmentation systems based on terrestrial stations (GBAS -
Ground-Based Augmentation System) and satellites (SBAS - Satellite-Based Augmentation
System). The main systems, GPS and GLONASS, started to be developed in the seventies and,
nowadays, are the systems with full global coverage.

GPS is the United States’ contribution to GNSS. The constellation consists of a minimum of
24 operational satellites deployed in six orbital planes. The system reached full constellation in
1995 and, since then has been modernized with new satellites (Hofmann-Wellenhof, Lichtenegger
and Wasle 2008; Langley, Teunissen and Montenbruck 2017). The GPS modernizations brought
several improvements and the development of new carrier frequencies. Nowadays (2019), GPS
[1I/Block IlIF is under development, where a fourth civil signal will be available (L1C) (GPS 2018).

GLONASS was initially developed by the former Union of Soviet Socialist Republics, and,
nowadays, the Russian government is responsible for the system. The constellation has 24
operational satellites, the full constellation was also achieved in 1995 (Hofmann-Wellenhof,
Lichtenegger and Wasle 2008; Revnivykh et al. 2017; Langley, Teunissen and Montenbruck 2017).
After reaching full constellation, GLONASS passed through a degradation period due to lack of
funding between 1996 and 1998 and the short lifetime of the first-generation satellites. In 2000 a
restoration and modernization plan was initiated and, since then, new satellite generations have
been developed, and the constellation was reestablished in 2011. Additionally, there were
improvements in the time and reference systems and an increase in the number of monitoring
stations (Hofmann-Wellenhof, Lichtenegger and Wasle 2008; Revnivykh et al. 2017).

Before the GLONASS modernization, variable and unsatisfactory results were obtained
with the combined use of GPS and GLONASS systems in investigations such as Bruyninx (2007) and
Polezel (2010), due to, among other factors, unevenness in the amount of visible GLONASS
satellites available. After GLONASS constellation reestablishment, more recent papers have
shown the improvements that can be achieved with the use of GPS/GLONASS combined data, for
instance Pan et. al (2014) and Ventorim and Dal Poz (2016).

2.2 lonospheric effect

GNSS signals can be affected by several errors related to the satellite (orbit, clock,
relativistic, hardware delay, antenna phase center, wind-up phase), to the signal propagation

Bulletin of Geodetic Sciences, 25(2): e2019007, 2019



Generation and Performance Analysis of GPS and GLONASS Virtual Data for Positioning ... 4

(troposphere, ionosphere, multipath, Earth’s rotation), to the receiver (clock, channels, antenna
phase center, hardware delay, loss of lock, wind-up phase) or to the station (coordinates,
multipath, ocean loading, pole tide, atmospheric pressure) (Monico 2008). The atmosphere has a
great influence in GNSS signal propagation and the ionosphere is one of the main sources of
degradation and error (Seeber 2003).

lonospheric effects are related to TEC (Total Electron Content), which corresponds to the
total number of free electrons in a one squared meter column, from the receiver to the satellite.
These values, which vary in time and space, are related to the location on the Earth’s surface,
geomagnetic activity, solar ionization flow, season and sunspot cycles (McNamara 1991).

Taking the position on the Earth’s surface into consideration, electron density is higher in
the equatorial region (where the Brazilian territory is located). In mean latitude regions the
electron density is less intense and in higher latitudes its behavior is less predictable. In the
equatorial region, the ionospheric effect is related, among other factors, to the Equatorial
lonization Anomaly (EIA), with higher intensity in the local anomaly peak (approximate
geomagnetic latitude of 20°). The EIA is generated in the magnetic equator, the equatorial
ionosphere plasma is lifted in daylight and intensified after sunset (21h LT - Local Time). The
plasma diffuses at low latitudes due to pressure gradients and gravity action. This phenomenon is
known as the fountain effect (de Rezende et al. 2007; Moraes et al. 2018). That makes the Brazilian
region an important location for research related to this issue.

The time variations can be divided into daily, seasonal or long periods. The daily variations
occur due to changes in the ionospheric regions caused by the recombination of electrons and
ions. The seasonal variations are related to changes in electron density due to variation in the sun
zenith angle (also a daily variation) and because of changes in the neutral atmosphere, with more
intense activity during summer and lower activity during winter. And the long period cycles
correspond to intervals of approximately 11 vyears, associated with sunspot occurrence
(McNamara 1991; Vani, Shimabukuro and Monico 2017).

2.3 Positioning Methods

Real Time Kinematic positioning has been the issue of several recent research papers
aiming to improve its use, such as Khodabandeh and Teunissen (2016), Tatarnikov, Stepanenko
and Astakhov (2016) and Gao et al. (2018). Besides its benefits, RTK use can encounter limitations
related to the baseline, which should not cross 20 km due to the spatial error decorrelation, for
instance, those related to atmospheric effects and satellite orbits. The first approaches that aimed
to overcome these limitations became possible due to the concept of positioning based on
reference station networks (Wu, Kubo and Yasuda 2003). In this scenario, new approaches
became possible with new methods applying partial derivatives, conditional adjustment,
interpolation and virtual reference station (Alves 2008; Hofmann-Wellenhof, Lichtenegger and
Wasle 2008).

The VRS concept consists of generating observation data from a station that does not exist
physically near to the user. This concept makes it possible to increase the distance between the
receiver and the reference station, compared to standard RTK. In this method, the data collected
by the receivers in each reference station are controlled from a central station which performs
the processing needed to deliver to the user the information from the virtual station that is
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required to be used (Alves 2011). For this method, a station network, a central station and a
bidirectional link are needed. The user sends his approximate location to the central station which
identifies the nearest network station. This station will become the base station (Hofmann-
Wellenhof, Lichtenegger and Wasle 2008).

With the VRS concept, the base station cannot be confused with the base station from the
relative positioning. In the VRS case, the base station is the station from the network that is closest
to the user and will have its data used to obtain data for the virtual station, while in the relative
positioning case the base station is the one with known coordinates, that will be used to estimate
the user coordinates. Figure 1 shows the VRS concept. As can be seen, using the approximate
position sent by the user, the central station identifies the nearest station from the network. Using
the real data from the base station, virtual data for the virtual station are calculated. This way, the
user can normally collect GNSS data and then, using the virtual station, estimate his position, for
instance, performing a relative positioning (Alves 2008).

o,
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9, ’::0’
o,
.

®. e

"“’ 22
%

-

Reference station
network

Base st;ﬁbn" e =
e N i N b Virtual observable

—— Real observable

Figure 1: VRS concept representation.

Basically, in order to generate virtual data from real data we have to apply three
corrections, geometric displacement, tropospheric and ionospheric correction. In the system
developed by Alves (2008), several model corrections were implemented, and several variables
considered. Many errors can influence the determination of virtual data, such as orbit error and
multipath from the base station. It is possible to model or to ignore them, according to the
precision level needed (Hofmann-Wellenhof, Lichtenegger and Wasle 2008). The development of
the improved VRS-UNESP version considered the differences between GPS and GLONASS, for
instance the CDMA (Code Division Multiple Access) and FDMA (Frequency Division Multiple
Access) techniques (Jerez 2017).
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3. Methods

In this paper, six GNSS stations from RBMC (Brazilian Network for Continuous Monitoring)
were selected, three were used as base stations and the other three had their positions used for
the generation of virtual observables. Figure 2 presents the locations of the selected stations,
aiming to represent three Brazilian regions with different ionospheric behavior. A region near
Geomagnetic Equator (RECF and PBJP), another affected by the Fountain Effect (SPTU and SPDR)
and another with lower ionospheric activity (IMBT and SCFL). RECF (Recife), SPTU (Tupa) and IMBT
(Imbituba), presented as red squares, were used as base stations. PBJP (Jodo Pessoa), SPDR
(Dracena) e SCFL (Floriandpolis), presented as green circles, had their positions used for
generating virtual data. Table 1 shows the distances between base and virtual stations.

\Y
2
2]
e\.\

PBJP
{ ]

L |
REGCF

SPDR
o, A

SPTU

SCFL
IMBT
W Base station
0 370 740 1.480
@ Virtual station P Km

Figure 2: Base and virtual stations locations.

Table 1: Distance between base stations and virtual stations positions.

Base VRS Distance (km)
RECF (Recife) PBJP (Jodo Pessoa) 100

STPU (Tupa) SPDR (Dracena) 115

IMBT (Imbituba) SCFL (Floriandpolis) 75

In this research, we applied the virtual reference station concept, using the improved
version of the VRS-UNESP system. The periods considered were June and October 2014, with 30
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minutes of data collection, starting at 00h UT-3 - Universal Time (21h LT). The selection of these
months was intended to take into consideration a period with low ionospheric influence and
another with high ionospheric activity, June and October, respectively. The last eleven-year solar
cycle (cycle 24) also had its peak between 2013 and 2014.

The observations from RBMC stations, PBJP, SPDR and SCFL, and the files generated for
their positions were processed using the online software CSRS-PPP (Canadian Spatial Reference
System — Precise Point Positioning) from NRCan (Natural Resources Canada) in the static mode.
We used dual-frequency data, collected using 10° elevation mask, 15 seconds sample rate, with
GPS and GPS/GLONASS data files. The processing results were compared with the official station
coordinates, provided by the Brazilian Institute of Geography and Statistics, transformed to the
same reference frame and updated to the date of the campaign. The mean squared errors (MSE)
were obtained from these discrepancies and the standard deviations. Figure 3 presents the
processing configurations, considering that for each position real and virtual data were processed
using GPS and GPS/GLONASS data files for June and October.

o ]

GPS + GLONASS ‘|:

October

June

- October

June

GPS + GLONASS |

- October

Figure 3: Processing configurations used for each station.

4. Results and Discussions

MSE obtained are presented according to the station used. Figure 4 presents the results of
PBJP station (region near the geomagnetic equator) data, Figure 5 presents those from SPDR
(region affected by the fountain effect) and Figure 6 presents the results of SCFL (region with lower
ionosphere activity). Only days with full datasets were retained in the analysis; days with lack of
data were suppressed.
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Figure 4: MSE results for PPP processing considering PBJP station. a) Virtual data generated for
June; b) Real data collected in June; c) Virtual data generated for October; d) Real data collected

in October.
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Figure 5: MSE results for PPP processing considering SPDR station. a) Virtual data generated for
June; b) Real data collected in June; c) Virtual data generated for October; d) Real data collected
in October.
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Figure 6: MSE results for PPP processing considering SCFL station. a) Virtual data generated for
June; b) Real data collected in June; ¢) Virtual data generated for October; d) Real data collected
in October.

All the days analyzed presented improvement in MSE, with virtual and real data, by using
GPS/GLONASS combined data. The similarity in behavior of real and virtual data is evident,
particularly for data collected in June. The influence of station position is also clear; the one
located in the south (SCFL — Figure 6) produced the better MSE results. On the other hand, the
station located in the region most affected by the ionosphere (SPDR — Figure 5) had the most
variable results, particularly for data collected in October, the period also characterized by more
intense ionospheric activity. Considering the improvement in the MSE by adding GLONASS data,
in Table 2 it is possible to verify the increase in the number of visible satellites. Table 2 presents
the mean values considering data from June, October and both months. In general, adding
GLONASS data resulted in a mean increase of 8 to 9 satellites.

The mean and standard deviations of improvements obtained by using GPS/GLONASS data
for each station are summarized in Table 3. It can be seen that the mean and standard deviation
values varied from one station to the other, but, considering real and virtual data, the order of
error magnitude was very similar.
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Table 2: Mean number of GPS and GLONASS satellites visible for each station.

Station Period VRS RBMC
considered  Fgpg GPS+GLONASS | GPS GPS+GLONASS
PBJP June 14 22 16 25
October 10 19 11 20
General 12 20 13 23
SPDR June 13 21 14 22
October 9 18 10 19
General 11 19 12 21
SCFL June 12 20 13 21
October 9 18 9 18
General 11 19 11 19

Table 3: Means and standard deviations of obtained improvements by using GPS/GLONASS data.

Station Data Month Improvement with GPS+GLONASS
Mean (cm) Standard Deviation (cm)
PBJP VRS June 25.6 10.4
October 59.7 411
RBMC June 27.6 12.8
October 56.2 33.0
SPDR VRS June 40.4 18.3
October 76.1 44.4
RBMC June 46.5 17.6
October 70.0 46.2
SCFL VRS June 304 11.0
October 38.8 25.0
RBMC June 313 8.2
October 42.5 26.2

Figure 7 presents the absolute differences of MSE values for each day, comparing virtual
and real data. The greatest differences can be confirmed as happening in October, a period
characterized by intense ionosphere activity behavior. For PBJP data (Fig. 8a), the mean
differences considering data collected in June was about 3.8 cm and 27.5 cm in October.
Considering the whole period, the mean value was 15.6 cm. SPDR station (Fig. 8b) presented
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11

Jerez and Alves

values around 6.1 cm and 23.8 cm in June. Considering data collected in October, when all data

was

considered, the mean value was 14.8 cm. And with SCFL station data (Fig. 8c), the mean

differences were about 6.3 cm for data collected in June, and 10.5 cm for data from October.

Cons
posit

idering both months the mean value was 8.3 cm. Once again, ionosphere influence in the
ioning error considering station, region and period of the year was observed, with lower

values for data collected in June and for the region less affected by ionosphere (SCFL station).

GPS/

Table 4 presents minimum, maximum and mean percentages of improvement by using
GLONASS combined data for real and virtual data, considering each station. The smaller

percentage improvement value, after adding GLONASS data, was for SPDR station using real data,

with

9% improvement. The biggest occurred at the same station with virtual data (77.79%

improvement).
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Figure 7: Differences between MSE results obtained from real and virtual data a) PBJP station; b)

SPDR station; ¢) SCFL station.
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Table 4: Improvement percentages (minimum, maximum and mean) of GPS/GLONASS combined

processing using virtual and real data.

Station Improvement VRS (%) RBMC (%)
PBJP Minimum 11.95 22.09
Maximum 72.48 70.93
Mean 44.42 46.05
SPDR Minimum 13.05 08.86
Maximum 77.79 74.98
Mean 51.66 52.48
SCFL Minimum 10.64 21.38
Maximum 77.08 77.59
Mean 48.18 49.04

Figure 8 shows the percentages of improvement by using GPS/GLONASS real and virtual
data for three stations and all days considered. It is possible to see that, besides a bigger variability
in results for data collected in October, the behavior of real and virtual data was similar across
almost all days considered.

Figure 8: Comparison of MSE improvement percentages by using GPS/GLONASS considering
virtual (VRS) and real data (RBMC) a) PBJP station; b) SPDR station; c) SCFL station.
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Table 5 presents the Pearson’s correlation coefficients between virtual and real data,
considering GPS and GPS/GLONASS data. In a general way, real and virtual data presented high
correlation values, with values of about 0.8.

Table 5: Pearson’s correlations for results from GPS and GPS/GLONASS data and virtual and real

data.
Station Constellation/Data Correlation
PBJP GPS (real x virtual) 0.821

GPS/GLONASS (real x virtual) 0.872
GPS x GPS/GLONASS (virtual) 0.773
GPS x GPS/GLONASS (real) 0.907
SPDR GPS (real x virtual) 0.819
GPS/GLONASS (real x virtual) | 0.865
GPS x GPS/GLONASS (virtual) | 0.763
GPS x GPS/GLONASS (real) 0.728
SCFL GPS (real x virtual) 0.834

GPS/GLONASS (real x virtual) 0.773
GPS x GPS/GLONASS (virtual) 0.281
GPS x GPS/GLONASS (real) 0.231

In the MSE from the three stations (Fig. 5, 6 and 7), a high similarity can be seen between
real and virtual data, not only considering the MSE order of magnitude, but also its behavior,
mainly for data collected in June. In June, all the results from GPS/GLONASS data achieved values
below 0.5 m, on the other hand, results from GPS only showed more variable results.

In October, SCLA (region with lower ionosphere activity) presented the more regular
results, despite some bigger differences on some days. However, even taking these days into
consideration, the behavior of real and virtual data was similar. Considering PBJP (region near the
geomagnetic equator) and SPDR (region affected by the fountain effect), the greater variability of
results from October data was clear, even though PBJP presented more similar MSE values
considering results from real and virtual observables.

Apart from the MSE differences noted from one month to the other, the mean percentages
of improvement with the GLONASS data added to the GPS was also similar for both months. In
June, the mean improvement by using GPS/GLONASS data was 49.0%, and in October, 48.6%
considering the three stations and results from real and virtual data. In the same way, considering
real and virtual data, the mean percentages of improvement were compatible. For PBJP station
the mean improvement by using GPS/GLONASS data was about 45%, for SPDR station, 52% and
for SCFL station, about 49%.

Considering the Pearson’s correlation coefficients (Table 5), high values were obtained
from real and virtual data (around 0.8). It was also possible to see significant correlations between
GPS and GPS/GLONASS results, except for the station located in the region with lower ionospheric
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activity (SCFL). As the errors present small values in this region, the results are more sensitive to
small variations which could explain the decrease in the correlations between the results from
some configurations.

Of the papers previously quoted, those that investigated the use of virtual data for PPP in
static mode were Alves, Monico and Dalbelo (2009), Alves and Monico (2011), Alves et al. (2016)
and Oliveira, Alves and Ferreira (2014a). In these papers, a similar approach was assessed
concerning the method (PPP) and the software used (same software in different version)
compared to the present work. In those papers atmospheric models were evaluated for
generating virtual data. In the best scenarios they achieved mean MSE at decimeter or even
centimeter level. The tests that also used data from RBMC stations had important differences
compared to this paper, mainly for the constellations considered and the data collection time. The
works mentioned used 24 hours data for the analysis, in this paper we used 30 minutes. It is
worthwhile to highlight that the main topic of those papers was to evaluate methods for virtual
data generation and atmospheric models used. On the other hand, in this work, we intended to
assess the quality of virtual GLONASS data, the usability of those combined with GPS, and to
evaluate the influence of ionospheric activity in the GNSS positioning.

The use of real stations positions to generate virtual data enabled the assessment of VRS
data quality, because of the possibility of comparing the results from processings using real and
virtual data. As observed in the previous papers, something that has to be highlighted is the
similarity between results from virtual and real data. All processing configurations used for the
analysis also presented results with a similar order of magnitude. This was noted not only with the
MSE behavior, but also in the mean and standard deviation values, and, furthermore, in the
correlation analysis performed.

5. Conclusions

In this paper, we aimed to assess the performance of GPS/GLONASS virtual data for
positioning under ionospheric influence. For this purpose, three Brazilian regions and two periods
with different ionospheric behavior were selected.

The results have evidenced the ionospheric influence in the positioning, considering the
behavior of results and the order of magnitude of errors. The highest and more irregular values
were those obtained with October data, and the station with more regular results and smaller
errors was the one in the region with lower ionosphere activity (SCFL) in both periods considered.

Considering the use of GPS and GPS/GLONASS data, all configurations presented
improvement in positioning with the use of both constellations combined data. The results were
variable from one region to the other, but between real and virtual data very similar results were
obtained. The mean improvement was about 45 cm for all the processes performed, which
corresponds to a 49% mean improvement. Results presented high similarity between real and
virtual data, with correlation coefficients around 0.8.
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