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ABSTRACT

Scintillations are rapid fluctuations in the phase and amplitude of transionospheric radio signals which are caused by small-scale
plasma density irregularities in the ionosphere. In the case of the Global Navigation Satellite System (GNSS) receivers, scintillation
can cause cycle slips, degrade the positioning accuracy and, when severe enough, can even lead to a complete loss of signal lock.
Thus, the required levels of availability, accuracy, integrity and reliability for the GNSS applications may not be met during scin-
tillation occurrence; this poses a major threat to a large number of modern-day GNSS-based applications. The whole of Latin
America, Brazil in particular, is located in one of the regions most affected by scintillations. These effects will be exacerbated dur-
ing solar maxima, the next predicted for 2013. This paper presents initial results from a research work aimed to tackle ionospheric
scintillation effects for GNSS users in Latin America. This research is a part of the CIGALA (Concept for Ionospheric Scintillation
Mitigation for Professional GNSS in Latin America) project, co-funded by the EC Seventh Framework Program and supervised by
the GNSS Supervisory Authority (GSA), which aims to develop and test ionospheric scintillation countermeasures to be imple-
mented in multi-frequency, multi-constellation GNSS receivers.

Key words. 2447: modelling and forecasting – 2400: ionosphere – 2415: equatorial ionosphere – 2439: ionospheric irregularities

1. Introduction

The Earth’s ionosphere is the single largest contributor to the
Global Navigation Satellite System (GNSS) error budget and
the phenomenon of scintillation in particular poses degrading
effects. Ionospheric scintillation is a rapid fluctuation in the
amplitude andphase of radio signals fromGNSS satellites as they
pass through small-scale plasma density irregularities in the ion-
osphere (Wernik & Liu 1974; Kintner et al. 2001 and the refer-
ences therein). Scintillation may have a considerable impact on
the performance of space geodesy, navigation and communica-
tion systems; they can lead to an increase in the probability of los-
ing the GNSS signal lock as well as reduce the precision of the
pseudorange and phase measurements. Although scintillations
are unlikely to affect all GNSS satellites in view simultaneously,
losing the signal lock on some of the satellites can affect the accu-
racy of the positioning solution. In general, scintillation effects
are characterised by two indices, namely the amplitude scintilla-
tion index, S4, which is the standard deviation of the received
power normalised by its mean value, and the phase scintillation
index, SigmaPhi (r/), which is the standard deviation of the detr-
ended carrier phase. These indices are considered at every 1-min
interval.

The occurrence of scintillation shows large day-to-day vari-
ations and is determined by the local time, season, latitude, lon-
gitude, solar and geomagnetic activity (Aarons 1982; Groves
et al. 1997 and the references therein). The two geographic
regions where scintillation occurs more predominantly are the
equatorial bands extending from about 20�N to 20�S geomag-
netic latitudes and the high latitude (auroral and polar cap)
regions. However, in these two regions, the processes which
produce scintillation are quite different, thereby leading to sig-
nificant differences in the characteristics of the observed scintil-
lation effects. The auroral and polar cap scintillations are
mainly the result of geomagnetic storms which are associated
with solar flares, coronal mass ejections and coronal holes.
Equatorial scintillation, on the other hand, is mostly produced
after the local sunset by the combined effects of the chemical
recombination and the electrodynamic lifting of the F-region
by the Pre-Reversal Enhancement (PRE) (Kelley 1989). As
equatorial scintillation is strongly coupled to the Equatorial Ion-
isation Anomaly (EIA), it tends to become frequent and more
severe during the solar maximum period, when the anomaly
is at its greatest and the plasma density irregularities occur in
a background of high ionisation density.
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The most severe scintillation is generally associated with
the crests of the EIA, which are centred approximately 15�
in latitude on either side of the magnetic equator. Over the
Brazilian longitudinal sector, the large magnetic declination
angle coupled with the horizontal gradients in the electron den-
sity due to EIA produces important peculiarities in the irregular-
ity distribution (Abdu et al. 1981; de Paula et al. 2007 and the
references therein). Under the geomagnetically disturbed peri-
ods, the formation/inhibition of small-scale plasma density
irregularities causing scintillation becomes highly complex, as
recently presented by Muella et al. (2010), who discussed
events that took place over Brazil during the Halloween storm
of 29–30 October 2003.

With the increasing reliance of modern-life applications on
GNSS, in particular on geodesy and navigation, the precise
information on the occurrence characteristics of scintillation
and an ability to predict scintillation have become increasingly
important. Mitigation tools are necessary to minimise the
effects of scintillation (including loss of lock and accuracy deg-
radation) on the receiver’s performance. The research presented
in this paper is a part of the CIGALA (Concept for Ionospheric
Scintillation Mitigation for Professional GNSS in Latin
America) project, co-funded by the EC Seventh Framework
Program and supervised by the GNSS Supervisory Authority
(GSA). This project aims to understand the cause and implica-
tions of scintillation over low latitudes, model their effects and
develop novel countermeasures to be implemented in multi-fre-
quency, multi-constellation GNSS receivers. Moreover, since
the occurrence of scintillation is strongly correlated to the solar
activity, the forthcoming solar maximum, peak expected around
2013, opens a great opportunity to collect and analyse scintilla-
tion data. This collected data can be used to develop accurate
scintillation prediction and receiver tracking models that can
be directly used to develop novel mitigation algorithms.

The overall methodology used in this research is described
in Section 2. Section 3 presents some results on the validation
of a newly designed scintillation monitor receiver and some ini-
tial results from the scintillation climatology study based on
data collected in Brazil. A scintillation event recorded in Brazil
by the newly designed scintillation monitor receiver is also
presented in this section with some results on receiver tracking
performance under scintillation. Section 4 contains the
conclusion.

2. Methodology

Although the theoretical studies, intensive observations and
refined modelling techniques have isolated the stabilising
(Mendillo et al. 1992) and the destabilising forces (Basu
et al. 1996) in the equatorial ionosphere, the forecasting of
equatorial scintillation still remains a challenging task. Thus,
research on the underlying causes of scintillation and the devel-
opment of the state-of-the-art models capable of predicting sig-
nal propagation and tracking perturbations remains relevant.
With that in mind this research work aims to take advantage
of field measurements via the deployment of multi-frequency,
multi-constellation GNSS receivers (Septentrio’s PolaRxS
receivers) at stations in Brazil. These receivers’ specifications
were laid out at the early stages of this research to provide
the computation and storage of some parameters of interest
for scintillation analysis and implementation of mitigation

techniques. At the time of writing such receivers were only
recently deployed. They will allow open sky data to be
recorded, which can be analysed to support the development
of the scintillation countermeasures to be implemented at recei-
ver level. The following subsections give a brief description of
the current status of this research.

2.1. Scintillation and tracking modelling

GNSS receivers need to robustly and continuously track the
incoming satellite signals. Demodulation of the navigation data
from the incoming signal requires an exact replica of the signal,
which can be achieved by tracking the code and phase (or fre-
quency) of the incoming signal through a Delay-Locked Loop
and a Phase (or Frequency)-Locked Loop, PLL (or FLL),
respectively. Ionospheric scintillation may cause the PLL to
lock onto a wrong phase while tracking the signal, which can
degrade the quality of the carrier phase measurements, or even
lose lock completely, which causes cycle slips (Conker et al.
2003; Humphreys et al. 2005 and the references therein). The
mean time between cycle slips depends on the intensity of scin-
tillation such that under high scintillation levels, the PLL may
never recover the phase lock. Under such conditions, the recei-
ver cannot use the signal from that particular satellite, leading to
poorer receiver-satellite geometry. This problem may intensify
during solar maximum especially at the low latitudes, when
the intensity of scintillation becomes stronger and the signals
from a number of satellites may be affected simultaneously
(Groves et al. 2000; Morrissey et al. 2004 and the references
therein). Therefore, developing new ionospheric scintillation
and receiver tracking models and/or an improvement of existing
models are a necessity.

The receiver PLL performance is usually evaluated in terms
of the phase error variance, which is observed to increase dur-
ing ionospheric scintillation (Conker et al. 2003). Several
efforts have been made to model the effects of ionospheric scin-
tillation on the PLL performance. These can be summarised as:
(i) simulation of time histories passed through software models
of tracking loops (Cervera & Knight 1998; Conker et al. 2003;
Humphreys et al. 2005), (ii) evaluation of PLL performance
using a Global Positioning System (GPS) signal simulator
(Morrissey et al. 2004) and (iii) observation of receiver perfor-
mance during actual events of scintillation in locations of inter-
est (Knight & Finn 1998; Groves et al. 2000). Although these
approaches have provided some high-level description of the
scintillation effects on the PLL performance, they also present
some strong limitations if they were to be used to describe
the picture completely (Humphreys et al. 2009).

The dependence of scintillation on local time, season, solar
and magnetic activity has a stochastic character; therefore, the
prediction of scintillation still remains a challenging task. Vari-
ous models of scintillation have been developed to predict scin-
tillation levels and therefore assist in mitigating this problem.
The simulation of scintillation effects on the signals (to be input
to the software PLL models) is accomplished by using either
analytical models (Fremouw & Rino 1973; Aarons 1985; Iyer
et al. 2006), global climatological models like the WideBand
MODel (WBMOD; Secan et al. 1995), Global Ionospheric
Scintillation Model (Béniguel & Buonomo 1999) or in situ
data-based models (Basu et al. 1976; Wernik et al. 2007).

Based on a review of the available scintillation models, as
presented in Aquino et al. (2010), it is suggested that the most
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adequate models to predict the occurrence of scintillation within
the context of this research, i.e. with the aim to aid GNSS satel-
lite signal tracking under scintillation, are the WBMOD model
(Secan et al. 1995) and the WAM (Wernik et al. 2007). Both
these models rely on the physical principles driving the radio
wave propagation through plasma density irregularities in the
ionosphere according to specific heliogeophysical conditions.
Although originally developed to model the high latitude iono-
spheric scintillation, the WAM will be modified to predict the
occurrence of equatorial scintillation. This model will be
adapted in the CIGALA to also output critical spectral param-
eters such as the spectral strength (T) and slope (p), which are
needed for error analysis and for the implementation of
improved receiver tracking models. Furthermore, the WAM
can be updated and fine-tuned with the low latitude in situ satel-
lite data (such as from the Communication/Navigation Outage
Forecasting System).

Another approach to model ionospheric scintillation is by
generating scintillation time histories that can be implemented
in a GNSS hardware signal simulator, which can in turn be con-
nected to a GNSS receiver to assess the effects on the receiver’s
tracking performance. One such model is the Cornell Scintilla-
tion Model (CSM), which is a statistical model that generates
perturbations on the signal amplitude and phase (Humphreys
et al. 2009), i.e. it is not a global scintillation model; it rather
focuses on the severe equatorial scintillation effects on GPS
signals.

2.2. Instrumentation

This research involves the collection of high sampling rate mea-
surements of phase and amplitude of GNSS signals received
over Latin America, covering as much as possible the equatorial
region around the EIA crest locations. The monitoring stations
are equipped with Septentrio’s PolaRxS receivers, mentioned
above. The list of the monitoring stations is given in Table 1
and a map showing their locations in Figure 1.

In the past, ionospheric monitoring was limited to the GPS
L1C/A (Coarse/Acquisition code – 1575.42 MHz) and L2P
(Precision code – 1227.60 MHz) signals. However, in recent
years, there has been the advent of new civilian signals
like the L2C (Coarse/Acquisition code – 1227.60 MHz) and
L5 (1176.45 MHz) from the GPS satellites, L1 (1598.0625 –
1609.3125 MHz) and L2 (1242.9375 – 1251.6875 MHz)
from GLONASS (Russian Global Navigation Satellite System)
and L1 (1575.42 MHz), E5a (1176.45 MHz) and E5b
(1207.14 MHz) from the Galileo In-Orbit Validation Element
(GIOVE) satellites. Therefore, the main novelty of this research
is that scintillation effects on all these new signals will be mon-
itored for the first time, using the PolaRxS receiver. Such mon-
itoring will maximise the number of scintillation events that can
be observed and will also increase the probability of actually

recording the events. Furthermore, the signal structure used in
the new GNSS signals is expected to lower the probability of
loss of lock during scintillation, especially when the dataless
component of these signals is tracked.

To support the research necessary to improve existing mod-
els or to develop new scintillation and receiver tracking models
as proposed in Section 2.1, specifications were laid out and sub-
sequently implemented on the PolaRxS receiver. This unit’s
main features, which are essential for this research, are summa-
rised below.

The PolaRxS is a multi-frequency, multi-constellation
GNSS receiver that incorporates a state-of-the-art triple
frequency receiver engine that is capable of tracking simulta-
neously the GPS, GLONASS, Galileo and SBAS (Satellite-
Based Augmentation System to GPS used for navigation and
precision approaches) signals. It has an ultra-low noise oscilla-
tor frequency reference with a standard deviation of phase noise
less than 0.03 rad. The receiver can generate and store raw high

Fig. 1. Map showing the locations of the stations in Latin America.

Table 1. List of the locations selected for the PolaRxS receivers’ deployment. Co-locations with other instruments useful for the research are also
reported.

Name Geo. latitude Geo. longitude GPS Ionosonde

Manaus 3.1�S 60.0�W Y Y
Porto Alegre 30.0�S 51.2�W Y N
Presidente Prudente 22.1�S 51.4�W Y N
São José dos Campos 22.2�S 45.1�W Y Y
Palmas 10.2�S 48.3�W Y Y
Macaé 22.3�S 41.8�W N N
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rate (correlated I and Q samples) data at 50 Hz in hourly files
which can be (post- or real-time) processed to give 60 s scintil-
lation indices, S4 and r/, along with other parameters like Total
Electron Content, lock time and the scintillation spectral param-
eters, p (spectral slope of the phase Power Spectral Density,
PSD) and T (spectral strength of the phase PSD at 1 Hz), for
all visible satellites and frequencies. The carrier frequencies that
can be tracked are: GPS L1, L2, L5; GLONASS L1, L2;
Galileo L1, E5a, E5b; SBAS L1 (1575.42 MHz). In addition,
the new modulations, like GPS L2C and Galileo AltBOC
(Alternative Binary Offset Carrier – 1191.795 MHz), can also
be tracked on these carriers.

The high rate (50 Hz) as well as the 60-s scintillation indi-
ces data will be used as input for the development of the new
algorithms and models, firstly to reproduce and secondly to mit-
igate the scintillation effects.

2.3. Mitigation strategy

Based on the newly developed scintillation and receiver track-
ing models, a novel ionospheric scintillation countermeasure/
mitigation algorithm will be developed and implemented as part
of the PolaRxS receiver firmware. As a first stage of this coun-
termeasure/mitigation algorithm, the PLL performance under
scintillation was investigated using the CSM. Simulated scintil-
lation amplitude and phase time series were fed into a represen-
tative Matlab model of the tracking loop implemented in the
PolaRxS receiver. It was found that, in the case of moderate-
to-strong scintillation, the probability of loss of lock could be
significantly reduced by optimising the lock detector. The lock
detector monitors the lock status of the loop and forces signal
tracking to stop when the lock conditions are not met. The lock

detector was too prudent in the sense that, in case of scintilla-
tion, loss of lock was declared while tracking could have con-
tinued without the loop diverging (a so-called false alarm). The
lock detector has been optimised and receivers with the new
firmware (improved lock detector threshold) will be field-tested
in order to assess the improvement in robustness to real iono-
spheric scintillation. When they do not cause the receiver to
lose lock, scintillation still introduces errors in GNSS position-
ing. This must be dealt with by suitable error modelling algo-
rithms, using approaches such as, for instance, the one
proposed in Aquino et al. (2009).

3. Initial results

Some of the preliminary results obtained from this research
work are presented in the following subsections.

3.1. Scintillation monitor validation

In the past 10 years the GSV4000 series of receivers, developed
by NovAtel and AJ Systems, has been widely used and
well accepted by the scientific community to monitor GPS scin-
tillation (Rama Rao et al. 2006; Aquino et al. 2009 and the
references therein). The multi-frequency, multi-constellation
Septentrio PolaRxS receiver was therefore validated against this
unit.

In the validation process both receivers continually logged
open sky data through a splitter connected to the same antenna
(setup at the IESSG in Nottingham; geographic latitude 53�N)
for a period of 24 h. Figure 2 shows a comparison in the 1-min
scintillation indices, r/ (top panel) and S4 (bottom panel),

Fig. 2. Comparison of the scintillation indices, r/ and S4, recorded by the PolaRxS (red dots) and GSV4004 (black dots) receivers for the data
collected from open sky for the GPS L1C/A signal of the satellite PRN19.
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estimated from open sky signals at Nottingham, for the
GSV4004 (black marker) and PolaRxS (red marker) receivers,
respectively, for the GPS L1C/A signal of satellite PRN19. This
location was chosen, given the very quiet conditions of the mid-
latitude of Nottingham prevailing during the solar minimum
period, which provides the right environment for a comparison
of the sensitivity and noise floor of the two receivers. It is
observed from the bottom panel of Figure 2 that S4 indices
recorded by both receivers are comparable, with a correlation
coefficient of 0.9. The mean value of the S4 index recorded
by the PolaRxS receiver is slightly higher than that recorded
by the GSV4004 receiver (mean value of PolaRxS = 0.0906,
mean value of GSV4004 = 0.0891). This small offset in the
S4 values is probably due to the change in signal-to-noise ratio
introduced by the use of the splitter. From the top panel of
Figure 2, it is observed that the r/ values recorded by the
PolaRxS receiver are lower than those recorded by the
GSV4004 receiver: the mean value of r/ for the PolaRxS recei-
ver is 0.0292 and that for GSV4004 receiver is 0.0547. This
gives evidence that the PolaRxS receiver oscillator seems to
provide a better noise floor level than its GSV4004 counterpart.

3.2. Climatology studies based on data collected at the Brazilian
station, Presidente Prudente (PP)

An analysis with the Ground-Based Scintillation Climatology
(GBSC) method was performed on the available data from
PP (22.1�S, 51.4�W, dip latitude = 12.3�S) in Brazil. GBSC
was originally developed for the high latitude receivers to
investigate the physical process involved in the ionospheric
scintillation, to contribute to the mitigation algorithms and as
a first step towards forecasting the space-weather-related events
with the GNSS receivers (Spogli et al. 2009, 2010; Alfonsi
et al. 2011). The core of the GBSC is the maps of amplitude
and, if available, phase scintillation occurrence. All the satellites
in view at each epoch are considered to produce the maps. In
the low latitude version of the GBSC, the maps can be defined
in a bi-dimensional coordinate system expressed in terms of
couples of two of the following: geographic coordinates, lati-
tude and longitude, universal time, azimuth and elevation.
The adopted binning is selected according to the available
statistics and to a meaningful fragmentation of the map. The per-
centage occurrence O of the given index is evaluated in each
bin of the map as:

O ¼ N thr=N tot ð1Þ

where Nthr is the number of data points corresponding to the
index above the characterising threshold and Ntot is the total
number of data points in the bin. Typical threshold values
are 0.25 (in unit of the index) for moderate/strong scintillation
scenarios and 0.1 for weak conditions. To remove the contri-
bution of the bins with a scarce statistics, the data considered
in each bin must be above a given number. To ensure this, we
adopted a threshold on the statistical accuracy that is defined
as (Taylor 1997):

R% ¼ 100� rðN totÞ =N tot ð2Þ
where r(Ntot) is the standard deviation of the number of data
points in each bin and Ntot is the total number of data points in
the bin. Typical threshold values of R% between 2.5% and
10% are a good compromise between the necessity to include
meaningful bins in the map and to avoid overestimations of
the occurrence due to scarce statistics.

This past data was collected by a SCINTMON (Cornell
Scintillation Monitor) receiver (developed by Cornell Univer-
sity) (Beach & Kintner 2001 and the references therein), man-
aged by the Instituto Nacional de Pesquisas Espaciais (INPE,
the Brazilian National Institute for Space Research), which
has the ownership of the data. SCINTMON is a single fre-
quency receiver that is not able to calculate the phase scintilla-
tion index, but only S4. S4 data analysed refer to the solar
minimum year of 2009, from 1 January to 31 October, with a
significant data gap between 29 June and 25 July.

Figure 3 shows a map (in geographic latitude and longitude)
of the percentage of occurrence of S4 for the investigated period
in a 1� · 1� grid by selecting the threshold of S4 > 0.25, accu-
racy threshold is 5%. Three regions of ionospheric scintillation
in the field of view of the receiver in PP are revealed from this
figure. The first one is located in the latitudinal range 20�–15�S
and in the longitudinal range 57�–53�W, corresponding to the
southern crest of the EIA. The second and third regions are
located 26–28�S and 45–47�W and about 22�S and 50–53�W,
respectively, with the former probably related to the signatures
of the Southern Magnetic Anomaly (SAMA) (Abdu et al. 2005)
and both being further investigated.

Further, a preliminary analysis on the early data acquired by
the PolaRxS receiver in PP was done by applying the GBSC to
the first two days of the data: 11–12 January 2011. The GBSC
is also able to produce maps of the mean and standard deviation
of the different quantities measured by the receiver, and, in this
case, of the scintillation indices. These maps are typically con-
structed similarly to those for the occurrence using the same
system of coordinates, bin size and accuracy. To produce the
mean and standard deviation maps, the distribution of all the
values of the investigated quantity is evaluated in each bin.
The corresponding bins of the mean and standard deviation
maps are then filled with the distribution mean value and stan-
dard deviation of the distribution, respectively.

The top panel of Figure 4 shows the azimuth versus eleva-
tion map of the S4 mean values (bin size: 10� · 5�) and the bot-
tom panel shows the corresponding S4 standard deviation
values in the same coordinate system and map segmentation,
but without applying the elevation cut. The S4 index has been
evaluated on the L1 measurement from both GPS and GLON-
ASS constellations, using for the first time both the constella-
tion measurements for climatological purpose. Both the mean
and standard deviation values enhance at low elevation angles
(< 20�), probably because of non-ionospheric effects on track-
ing errors (like multipath) and confirming the necessity to

Fig. 3. Geographic latitude vs. Geographic longitude map of the
percentage of occurrence of S4 > 0.25 for the investigated period in
2009.
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remove contribution from such low elevation angle measure-
ments. Just above the 20� elevation, the mean value increases
in the azimuthal range of about (330�, 360�) and (0�, 30�),
i.e. in the N-NW direction. In correspondence, also the standard
deviation increases, indicating a region where larger values of
S4 are more probable. This region corresponds to the southern
crest of the EIA, confirming what was already found with the
historical data analysis of the SCINTMON receiver. A longer
time interval and availability of the data from the entire network
of receivers, shown in Figure 1, are expected to maximise the
number of scintillation events recorded and a more precise
comparison with what was found with the SCINTMON histor-
ical data will be allowed. Moreover, the possibility of acquiring
the signals from GPS (civil signals on L1, L2 and L5),
GLONASS (civil signals on L1 and L2) and GALILEO/GIO-
VE (civil signals in the L1, E5a and E5b bands) increases the
redundancy of the problem. All these features will allow an
experimental identification of the different areas of the equato-
rial ionosphere more affected by the scintillation phenomena
(and in particular the contribution of the SAMA) and their
dependence on the local time and season.

3.3. Scintillation event recorded by the PolaRxS receiver at PP

The PolaRxS receiver deployed in PP recorded a scintillation
event on 26 March 2011, a geomagnetically quiet day (Kp
value of 1). Figure 5 shows the variation in the scintillation
indices (S4 – bottom panel and r/ – top panel) as a function
of local time and Ionospheric Pierce Point (IPP) latitude, dur-
ing the post-sunset hours and for the GPS L1C/A signal. The
IPP latitude for the different satellite-to-receiver links at every
1 min has been calculated assuming a single shell ionospheric
model centred at an altitude of 350 km. Also, a satellite

elevation angle cut-off of 30� is applied in order to reduce
the impact of non-scintillation-related tracking errors (e.g.
induced by multipath). Since scintillation events over the
equatorial and low latitudes are essentially post-sunset phe-
nomena, the local time in Figure 5 varies continuously from
18:00 LT to next morning 04:00 LT. It can be observed from
the enhancement in S4 and r/ that, the evolution of the irreg-
ularities on this day occurred between 20:00 and 24:00 LT.
Further, S4 and r/ values are considerably higher (around
0.8 and 0.6, respectively) and more widespread in latitude,
implying that the irregularities have a greater latitudinal extent
(extending between 18 and 24�S).

3.4. Receiver tracking performance

Once validated for use in scintillation monitoring, the PolaRxS
receiver tracking performance was evaluated. This was done by
calculating the variance of the error at the output of the PLL
using the formula given in Conker et al. (2003). The Conker
et al. (2003) formula for the GPS L1 carrier PLL accounts
for the effects of scintillation on the input phase and computes
the tracking error variance at the output of the PLL ðr2

/Þ as:

r2
/ ¼ r2

/s
þ r2

/T
þ r2

/osc
ð3Þ

where r2
/s
, r2

/T
and r2

/osc
are the error variance components

relating to the phase scintillation, the thermal noise (ampli-
tude scintillation) and the oscillator noise (assumed as
0.01 rad2 in the receiver), respectively.

In equation (3), amplitude scintillation is modelled as an
increase in the thermal noise, related to the decrease in the
received signal power as (Conker et al. 2003):

r2
/T
¼

Bn½1þ 1
2g c=g0ð ÞL1�C=Að1�2S24ðL1ÞÞ

�

c=g0ð ÞL1�C=Að1� S2
4ðL1ÞÞ

ð4Þ

where Bn is the L1 third-order PLL one-sided bandwidth
equal to 15 Hz, (c/g0)L1�C/A is the fractional form of signal-

Fig. 5. Scintillation indices (S4 – bottom panel and r/ – top panel)
maps as a function of the local time and IPP latitude for 26 March
2011 for the GPS L1C/A signal.

Fig. 4. Maps of the amplitude scintillation index S4 measured on L1
frequency in azimuth vs. elevation. Top plot shows the mean values,
bottom plot shows the root mean square.
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to-noise density ratio, equal to 100.1C/N0, g is the predetection
integration time, equal to 0.01 s and S4(L1) is the amplitude
scintillation index measured at L1 frequency. The model is
valid only for S4(L1) < 0.707; loss of lock is assumed for
greater values of S4.

The phase scintillation component is modelled as (Conker
et al. 2003):

r2
/s
¼ pT

kf p�1
n sin 2kþ1�p½ �p

2k

� � ð5Þ

where T is the spectral strength of the phase PSD at 1 Hz, p is
the spectral slope of the phase PSD, k is the order of the PLL
(equal to 3) and fn is the loop natural frequency (equal to
1.91 Hz).

Figure 6a shows the time variations of the 1-min scintilla-
tion indices (S4 and r/ – top two panels), lock time on the
GPS L1 carrier phase (third panel from top) and the elevation
angle (bottom panel) as recorded by the PolaRxS receiver in
PP for the satellite PRN3 on 11 March 2011. It can be observed
from this figure that the value of the scintillation indices (S4 and
r/) is considerably higher (close to 1) along this satellite-to-
receiver link.

The tracking error variance at the receiver PLL output for
satellite PRN3 is calculated using equation (3). However, as
explained earlier, this formula is limited to weak-to-moderate
levels of scintillation (S4 < 0.707) and hence cannot be applied
for all levels of scintillation, even if the receiver does not lose
lock and provide the required parameters needed to proceed
with the calculations. The top panel in Figure 6b shows the
variations in the tracking jitter variance estimated for GPS

L1C/A of satellite PRN3. The middle panel shows the variation
of the jitter variance with S4 and the bottom panel shows the
variation of the jitter variance with r/ The gaps in the figures
correspond to times when the jitter calculation by the formulae
by Conker et al. (2003) is not valid due to S4 > 0.7. It is
observed from Figure 6b that the tracking jitter variance
increases with an increase in S4 as well as r/. The exact func-
tional dependence of the tracking jitter variance on the scintil-
lation indices is under investigation.

4. Conclusion

The overall methodology adopted in a research work aimed to
tackle ionospheric scintillation effects for GNSS users in Latin
America is described in this paper. The fundamental threat to
the accuracy, integrity and availability of GNSS in general,
and Galileo-related applications in particular, will be addressed
through this research. This is crucial in Brazil, where scintilla-
tions significantly impact GNSS-based applications.

The initial validation tests of the Septentrio PolaRxS recei-
ver reveal good agreement in the scintillation indices recorded
by the PolaRxS and GSV4004 receivers indicating that the per-
formance of the PolaRxS receiver is comparable to that of the
GSV4004 receiver and can be effectively deployed for the scin-
tillation studies. The preliminary results obtained with the
GBSC method applied on the data acquired by the SCINT-
MON and the PolaRxS receivers at PP in Brazil reveal an
enhancement in the scintillation occurrence that is observed
to be co-located with the southern EIA crest, as is expected
for the equatorial ionosphere. This indicates that the data

Fig. 6a. Variation in the scintillation indices r/, and S4 for GPS PRN3 observed by PolaRxS receiver on 11 March 2011.
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collected by the deployment of the receivers at locations close
to the EIA crest in Latin America can contribute to a better
understanding of the scintillation occurrence characteristics
and statistics, and can be used in developing a prediction/miti-
gation tool for the scintillation events at these latitudes. The Po-
laRxS receiver tracking performance evaluated by calculating
the tracking jitter variance was found to depend on the scintil-
lation level, more explicitly through the scintillation indices, S4
and rU. Performance analyses of the receivers for moderate and
strong levels of scintillation are investigated so that the tracking
performance of the receivers can be optimised against the
degrading effects of the low latitude scintillation effects.
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