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Abstract.

In early September 2017, several space weather events triggered disturbed
conditions of the near-Earth space. The combination of two coronal mass ejec-
tion arrivals, associated with an X-class flare, caused a strong geomagnetic
storm on September 7 and 8, thus inducing diffuse ionospheric phase scin-
tillations on GNSS signals. This work analyzes the effects and the actual im-
pact of such phase scintillations on trans-ionospheric GPS signals and on re-
lated positioning accuracy. The research focuses in particular on high-latitude
GPS L1 data, recorded during a test campaign in Svalbard, Norway. The joint
effect of satellites at low elevation and the exposure of ionosphere to the geospace
forcing makes navigation a critical task for such a challenging environment.
Data analysis shows that the performance of carrier-smoothing algorithms
was affected by the presence of moderate and strong phase scintillation. It
is shown in this study that positioning errors double when GPS signals af-
fected by scintillation are used. This work shows that scintillations induce
a considerable clustering effect on the smoothed positioning solutions, there-
fore a methodology to automatically and autonomously detect the bound-
aries of the scintillation event is suggested according to such an high-level
effect. The use of software defined radio receivers for automatically captur-
ing and processing GNSS data affected by scintillation is an added value to
the analysis, as it offers the possibility to implement advanced signal pro-
cessing techniques and a deeper observation of the impact of scintillations

on _the signals.
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Keypoints:

e Automatic recording of GPS L1 signals affected by scintillation during
the September 2017 geomagnetic storm

e Analysis of the carrier smoothed positioning error in the presence of phase
scintillations

e Investigation on clustering of the GPS positioning solutions for detec-

tion of scintillation events
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1. Introduction

Geomagnetic and ionospheric storms severely affect the quality of trans-ionospheric
electromagnetic radio signals [ Van-Dierendonck et al., 1993; Wernik et al., 2004]. Among
which, Global Navigation Satellite System (GNSS) signals, broadcast by Medium Earth
Orbit (MEO) satellites in the L-band (1 — 2 GHz), are considered in this study. Their
propagation through ionosphere is characterized by refraction, due to the dispersive nature
of ionosphere. In addition, under disturbed conditions, electron density irregularities cause
diffraction and scattering of GNSS signals, known as ionospheric scintillations [Doherty
et-al., 2003; Alfonsi et al., 2011]. The received GNSS signals may then experience deep
amplitude fading (amplitude scintillations) and random fluctuations on the carrier phase
(phase scintillations) [Dubey et al., 2006]. At high latitude, such fluctuations are due to
the presence of fast-moving ionospheric irregularities making the ionospheric environment
extremely dynamical and complex [Basu et al., 2002; De Franceschi et al., 2008]. Such
irregularities may originate from patches of plasma density or troughs, which can host
the formation of smaller scale density structures (from hundreds of kilometers down to
centimeter scale) in correspondence with their boundaries [Spogli et al., 2013]. The scale
of the irregularities determine the amplitude and phase response of the trans-ionospheric
electromagnetic wave: the Fresnel filtering mechanism strongly suppresses the amplitude
contribution for scales larger than the Fresnel scale [Alfonsi et al., 2011]. In the case
of L-band, Fresnel’s scale is of the order of hundreds of meters. Moreover, the phase
scintillation directly reflects the plasma dynamics and it is likely linked with an increased

probability of signal loss of lock [Forte, 2007].
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On one hand, ionospheric scintillations may severely damage the quality of received
GNSS signals and, in turn, the accuracy and reliability of the Position, Velocity and
Time (PVT) solution. Therefore, the ionosphere, is the highest source of errors in single
frequency GNSS receivers, if not properly compensated [Jiao et al., 2013].

On the other hand, GNSS signals and GNSS receivers can be used as a complementary
tool to monitor the ionospheric behaviour. Networks of receivers allow a simultaneous,
continuous, dense and cheap monitoring of the phenomenon through many pierce points.

Remote sensing of the ionosphere can be carried out by inverting the traditional posi-
tioning equation, exploiting the known information about the receiver location and time
[Curran et al., 2014]. A direct investigation of the phenomenon can be performed through
the evaluation of specific scintillation indexes [ Van-Dierendonck et al., 1993]. The o, in-
dex is a measure of phase scintillations: it corresponds to the standard deviation of the
detrended carrier phase measurement. o,, along with the amplitude index 54, is widely
used to assess the impact of scintillation on the signal. Scintillation is declared present if
o4 exceeds a predefined thresholds, typically set to 0.25rad [Dubey et al., 2006]. Scintil-
lation indexes are provided by professional Ionospheric Scintillation Monitoring Receivers
(ISMRs). Alternatively, customized Software Defined Radio (SDR) GNSS data grabbers
and fully-software receivers can be used [Linty et al., 2015; Cristodaro et al., 2018]. In
this study an SDR-based GNSS receiver is used to process the signals to compute the po-

sitioning solution, and to estimate the phase index exploited for the scintillation analysis.

1.1.- Rationale of the work
Several works in the last decades have been focused on the degradation of GNSS re-

ceivers’ performance due to ionospheric impairments [Jiao et al., 2013; Groves et al.,

(©2018 American Geophysical Union. All Rights Reserved.



2000]. Scintillation indexes behavior and direct effects on tracking loops have been deeply
investigated in literature [Groves et al., 2000]. More recently, researchers have discussed
carrier phase positioning and related effects when phase measurements are corrupted by
unwanted phenomena [Myer and Morton, 2018]. Differently, this work is focused on the
main output of the navigation algorithm: the estimated position of the user.

Traditional code-based PVT solution is characterized by values of uncertainty which are
generally too large to observe the minor effects due to scintillation. Differently, positioning
techniques involving carrier phase measurements, such as carrier smoothing, allow to reach
higher levels of precision. However, they are prone to biases and errors due to nuisances
affecting the signal phase, as for example ionospheric scintillations. Preliminary analysis
of the smoothed positioning solutions showed unexpected clusterization phenomena. A
deeper investigation outlined that this effect can be attributed to scintillation events
rather than to other sources of errors. On one hand, it facilitates the statistical analysis of
ionospheric events and of their impact on positioning solutions. On the other hand, it offers
a novel approach for events detection, with a limited computational effort and directly
related to the positioning solutions rather than to the quality of the received signal.

Furthermore, the effect can be magnified by properly tuning the smoothing algorithm.

1.2. The geomagnetic storm of September 6-10, 2017

The extreme solar activity at minimum of solar cycle 24, which occurred between 4
and 10 of September 2017, was one of the hardest in almost a decade after more than a
year without noticeable events [Schwadron et al., 2018]. The stormy conditions have been
driven by the Active Region AR2673, from which four X-class eruptions have emerged,

including the strongest flare (class X9.3) of the current solar cycle, occurred on 6 Septem-
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ber [Tassev et al., 2017]. Such a flare triggered also a geoeffective Coronal Mass Ejection
(CME) event, that triggered disturbed magnetospheric and ionospheric conditions | Van-
lommel and Van der Linden, 2017].

To provide a quantitative overview of the phenomena, time profiles of AU (blue) and
AL (red) auroral indexes (panel a), of AE (red) and AO (green) auroral indexes (panel b),
of the Disturbance Storm Time (DST) (panel ¢) and Kp (panel d) indexes of geomagnetic
disturbance are reported in Figure 1. By looking at DST index (panel c), the Sudden
Storm Commencement (SSC) of the geomagnetic storm was on early September 7, while
the peak was on early September 8 (DST = —142nT), with signatures of substorm activity
during the beginning of the recovery phase (again on September 8). At the peak of the
storm; the value of Kp was 8, reaching 8+ later in the day, making the storm a G4-
class storm, i.e. a severe geomagnetic storm according to the NOAA G-scale. The storm
also triggered strong auroral activity, as visible from the time profiles of the auroral
indexes (panels a and b of Figure 1). In particular, a strong intensification of both the
eastward and westward auroral electrojects is found in correspondence to the SSC, peak

and substorm main signature of the storm.

1.3. Paper outline

A brief description of scintillation effects on GNSSs and on the geomagnetic storm
of September 2017 is provided in this introduction. Section 2 details the methodology
used in this work, for what concerns the analysis of the GNSS positioning error and of
carrier smoothing algorithms. The third section describes the measurement campaign
carried out in Longyearbyen (Svalbard, Norway) and the paradigm of SDR technology for

GNSS receivers. Results, in terms of scintillation indexes linear plots analysis, positioning
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errors and clustering effects on the positioning solutions, induced by phase scintillations,
are reported in Section 4. Finally, the conclusions of the work are drawn, along with

directions for further research on the topic.

2. Methodology

Some major theoretical aspects of GNSS positioning are recalled in this section. Fun-
damentals on positioning error are discussed to provide the theoretical background for
a rigorous investigation of scintillation impacts. Carrier-smoothing positioning is also

introduced by focusing on its potential vulnerabilities.

2.1. GNSS positioning error

In the domain of GNSS, the positiong error is modelled by means of two contributions:
the Geometrical Dilution Of Precision (GDOP) and the User Equivalent Range Error
(UERE) [Misra and Enge, 2006]. The GDOP is computed from the observation matrix
G,

ai .z al,y a1,z
as g a2,y a2

G = : (1)

—_ = —_ =

N,z OGNy QN z
where the first three coefficients of each row are the Earth Centered Earth Fixed (ECEF)

components of a unitary vector directed towards the n-th satellite while N is the number
of satellites available for the PVT. G describes the geometry of the observed constellation
thus having a direct impact on the estimated solution. Each Cartesian component of the
estimated position vector x = [z, ¢, Z] is characterized by its own standard deviation, but

GDOP is typically considered for the evaluation of the overall impact as:
GDOP = /Tr(GTG)~! . (2)
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where Tr(-) is the trace operand and is defined as the sum of the elements of the diagonal
of a square matrix.

Ideally, satellite-to-receiver range measurements correspond to geometrical Euclidean
distances between the respective positions. Actually, they are related to the measure-
ment, of the signal time of flight thus resulting in alteration by unwanted delays and
asynchronous clocks between transmitters and receivers [Bradford et al., 1996]. These
impairments have to be compensated in order to perform reliable positioning and navi-
gation with acceptable performance. The actual measured distance varies due to a set of
error terms, among which scintillations play a relevant role, thus being unpredictable and
difficult to model.

The UERE is the residual error on the range measurements between satellites and
receivers, assuming all the biases are properly corrected [Misra and Enge, 2006]. Tt is

assumed to be zero-mean Gaussian distributed with variance, ofppp:
UERE ~ N0, U%ERE) : (3)

In static scenario, Least Mean Square (LMS) algorithm is adopted to solve for the
trilateration problem from known satellites positions and the aforementioned set of range
measurements. In a static scenario, the realizations of the ECEF coordinates vector, X,
are obtained as output of the positioning algorithm.

Given the estimated position vector X at a given time instant ¢, the associated error

covariance matrix is defined as:

Py(t) = U%ERE(GTG) . (4)
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The standard deviation of the positioning error is hence obtained from:
O¢ — OUERE * TI"(PX) — OUERE GDOP . (5)

The impact of ionospheric disturbances is expected to alter the behavior of the position-
ing error along the time. Therefore, this study is addressed towards a better understanding

of their consequences on the covariance and bias of such a metric.

2.2. Carrier smoothing algorithms

The main difference between mass-market cheap receivers and professional expensive
receivers is the kind of range measurement used for the computation of the PVT solu-
tion. While mass-market single frequency receivers exploit code pseudoranges, computed
starting from the estimation of the signal code delay, professional multi-frequency re-
ceivers make use of carrier phase measurements. Code measurements are unambiguous
but noeisy; on the contrary, carrier phase measurements are much more precise, but inher-
ently ambiguous, and the process to solve for the integer ambiguity is non affordable by
mass-market receivers [Misra and Enge, 2006].

An intermediate solution is based on the combination of code and carrier phase mea-
surements through a process denoted as carrier smoothing filtering [ Petovello et al., 2015].
Let p(t) and ©(t) be the code and carrier pseudorange respectively. The smoothed pseu-

dorange, at epoch t,, can then be defined by the following finite difference equation:

1 W—-1__

pltn) = g0(tn) + =55 [P(tn-1) + O(tn) = O(tn-1)] (6)

where W is a weight coefficient, and O(t,) — O(t,_1) is called delta pseudorange, and
is obtained by differencing subsequent epochs. As long as no carrier cycle slips occur,

the integer ambiguity term is constant and disappears thanks to the difference operation.
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While the noise term of the code measurement p(t,) is at meter-level, the noise term of the
carrier phase measurement ©(%,,) is at centimeter-level. Furthermore, if the two measure-
ment epochs are close enough to each other, in the order of a few seconds, the ionospheric
delay term can be considered constant and thus disappears in the delta pseudorange. The
parameter W controls the weight of the code and carrier contributions. A higher W as-
sures a lower noise variance, but introduces a bias in the smoothed code pseudorange, due
to the different sign of the ionospheric delay in code and phase measurements, denoted
as code-carrier divergence. Carrier smoothing is indeed a valuable technique to improve
the accuracy of the positioning solution in mass-market single frequency receivers, which
cannot exploit double frequency measurements for compensating the ionospheric delay,
and cannot employ pure carrier phase measurements.

Figure 2 shows an example of positioning solution, over 30 min of data. The error
with respect to the true position, in East-North coordinates, is plotted. The positioning
obtained by exploiting code-based measurements is compared to the solution obtained
exploiting carrier smoothing. The smoothing weight W was set to 100. The accuracy of
the results improves by about one order of magnitude when smoothing is enabled.

However, the carrier-smoothing measurements are valid as long as the phase measure-
ments are stable and not affected by carrier cycle slips. Impairments on the signal carrier
phase, such as phase scintillations, can cause cycle slips, errors of one full cycle made by
the receiver tracking loop in estimating the phase of the signal. Cycle slip, although be-
ing irrelevant for code-based measurements and for the purpose of estimating the carrier
Doppler frequency, lead to errors in phase-based and carrier smoothed measurements, and

consequently to a degraded positioning performance.
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3. Measurement campaign set-up and installation
The following section reports a description of the location, the data collection and of
the system used for recording GNSS data. The datasets of interest collected in the Arctic

are listed hereafter and discussed in the results section.

3.1. Installation at Svalbard

The use of GNSS in the Arctic has recently gained importance, due to the growth of
human activities such as oil drilling, shipping and tourism. Much attention was also given
to risks related to decreased accuracy and reliability of the navigation solution [Gao et al.,
2012].. Furthermore, high-latitude regions are generally characterized by a poor satellite
geometry and high GDOP values, further reducing the positioning quality [Jensen and
Sicard, 2010]. As an example, Figure 3 reports the skyplot of GPS, GLONASS, BeiDou
and Galileo satellites in at Svalbard Islands, about 78°10 N.

In addition, the coupling between solar wind, magnetosphere and ionosphere makes the
Arctie regions significantly exposed to the formation of ionospheric irregularities [Kintner
et al., 2009]. In fact, the intensification of particle precipitation along the field lines under
open magnetosphere conditions, the fragmentation of the tongue of ionization within
the polar cap, the steep electron density gradients forming in correspondence with the
equatorward and poleward boundaries of the auroral oval are the principal mechanisms
leading to enhanced probability of scintillation effects on L-band signals cap [Jin et al.,
2015; Moen et al., 2013; Spogli et al., 2009].

The combination of low-elevation satellites and ionospheric scintillation makes naviga-
tion a critical task for such a challenging environments. The monitoring of the quality of

GNSS is indeed of great interest [Jensen and Sicard, 2010]. Since 2004, a research station
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in Adventdalen, a remote valley nearby the city of Longyearbyen in Spitsbergen (main
island of Svalbard archipelago, Norway) hosts a permanent GNSS monitoring station,
shown in Figure 4. Geographic coordinates of the site are 78°10'10.05” N, 15°59'33.32" E,
geomagnetic latitude is 74°91" N.

Customized GNSS receivers for ionospheric scintillation studies were installed in the
frame of the project ISACCO (Ionospheric Scintillations Arctic Campaign Coordinated
Observations), lead by the Italian Istituto Nazionale di Geofisica e Vulcanologia (INGV)
[De Franceschi et al., 2006]. In addition, in September 2017, we carried out a GNSS data

collection, by means of an SDR. receiver.

3.2. SDR GNSS receiver

An SDR GNSS data grabber and receiver, similar to the one described by Cristodaro
et al..[2018], was installed in Adventdalen and was exploited for this work. Raw base-
band samples of the GNSS signal were captured and digitalized through of a Universal
Software Radio Peripheral (USRP) device, and then post-processed by means of a fully-
software non-real time GNSS receiver, developed by the NavSAS group at Politecnico di
Torino. GPS signals in the L1 band (1575.42 MHz) were captured and stored, as digital
raw samples at 5 - 10% samples/s and at 8 bit/sample resolution, suitable for later post-
processing and analysis [Cristodaro et al., 2018]. Working with self-made data grabbers
and receivers granted the complete access to each stage of the system architecture and
enabled higher levels of flexibility and reconfigurability. In addition, the availability of
stored raw base-band samples of the signal allowed post-processing of the original scenario,
exploiting different architectures and configuration of the software receiver |[Lachapelle and

Broumandan, 2016].
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SDR-based receivers are valuable alternative to ISMRs, as proven by Curran et al.
[2014] and Peng and Morton [2013]. Furthermore, it has been proven by Linty et al. [2016]
that they provide scintillation indexes with the same quality of a professional commercial
ISMR. As an example, this paper shows results of carrier smoothing positioning algorithm,

which can be implemented and easily configured when using software GNSS receivers.

3.3. Summary of data collected

Tonospheric monitoring stations based on SDR systems are required to autonomously
detect noticeable scintillation events and to automatically store raw GNSS signal samples.
The SDR front-end was scheduled to continuously capture chunks of 30 min of data. The
storage of the samples was triggered by a detection rule, defined as a threshold on the
value of the scintillation indexes.

Between September 3 and 15, the system automatically grabbed, processed and stored
29 chunks of data, affected by moderate and strong scintillation, corresponding to 486 GB
of data. All the captured dataset were processed in NavSAS laboratory to identify true
scintillation events. The most interesting captures have been selected and are reported in

Table 1, along with the PRN of the impaired signals.

4. Results

The geomagnetic storm induced diffuse ionospheric scintillations on GNSS signals on
September 7, 8 and 9, 2017. This section reports the results related to four different
datasets, selected among the list of data reported in Table 1:

1. September 7, 22:59 - moderate scintillation at the end of the grabbing interval;

2. September 8, 07:57 - low scintillation at the end of the grabbing interval,
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3. September 8, 18:32 - strong scintillation at the beginning of the grabbing interval;

4. September 5, 16:24 - no scintillation, used as a benchmark.

First, linear trend of phase scintillations are shown, to identify the relevant events.
Afterwards, the smoothed position errors are analyzed. Higher errors are expected to
be observed in the presence of scintillation. Position solution is then inspected towards
the identification and discussion of a clustering phenomenon related to the occurrence of

scintillations.

4.1. Phase scintillation index

The phase scintillation index as computed by the software GNSS receiver every minute
for each visible satellite is reported in Figure 5 for the four datasets selected. The portions
characterized by phase scintillation are outlined by an enclosing yellow box. It has to be
mentioned that no relevant amplitude scintillation was detected. This is in agreement
with the typical behavior of the polar ionosphere [Doherty et al., 2003].

The first panel reports the phase scintillation index related to the first case study,
captured on September 7 at 22:59 UTC. While for the first part of the dataset o4 never
exceeds the noise floor (lower than 0.15rad), moderate phase scintillation is detected on
four satellites at the end of the grabbing interval.

Similarly, the phase scintillation index for the second case study is shown in the second
panel of Figure 5. In this case, values of o, slightly larger than 0.25rad are detected at
the end of the data collection for a single satellite.

The third panel reports the phase scintillation index for the third case study. Strong

phase scintillation is detected on two signals at the beginning of the dataset, until 18:43.
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A fourth case study is selected, to compare results in the absence of scintillation. It cor-
responds to a chunk of data captured on September 5, under quiet ionospheric conditions.

No phase scintillation is detected, as o, is always below 0.1rad (bottom plot).

4.2. Analysis of the positioning error

The variation of visible satellites is not fast enough to justify a sudden degradation of the
positioning solutions due to GDOP. Therefore, the positioning error is inspected hereafter
to exclude other source of uncertainty thus supporting the influence of the scintillation
events in the clustering.

The error of the estimated position solution x(¢), compared to the true solution x(t), is

denoted €(t). It is equal to the Euclidean distance between the two coordinates vectors:

€(t) = \/[i(t) — (O] + [5(t) = y(O) + [2(8) — 2(1)]” . (7)

For the sake of completeness, it could be useful to also consider the error standard
deviation o.. The standard deviation is computed on overlapping windows of the signal,
of length equal to 30s. In order to remove the contribution of the satellite geometry, the
value of the standard deviation is then divided by the GDOP, according to (5).

A linear fit has been computed on both curves, to outline the trend of the error. The

linear model is based on the fitting function f(t), defined as
f(t) =asin(t — ) + b(t — 10)* + ¢, (8)

where the coefficients a, b and ¢ are computed with 95% confidence bounds.
Figure 6 shows the error €(t) and its standard deviation for the first dataset, char-
acterized by scintillation at the end of the capture. As reported in the upper panel of

Figure 5, o, increases above the scintillation threshold after 23:21 UTC. At the same
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time, the error on the position doubles. The linear fit clearly shows how the overall trend
of the positioning error matches the trend of the phase scintillation index. As a further
confirmation of the fact that the worsening of the position solution is due to scintillation,
the GDOP-free standard deviation is shown in the bottom panel of Figures 6, 7 and 8.
The same increasing trend can be noticed, with a slight increase of the error standard
deviation due to phase scintillations.

Similar considerations can be drawn for the second case study analyzed, containing
scintillation at the beginning of the capture. Figure 7 reports the positioning error, its
standard deviation compensated by the GDOP and their linear fits. Strong phase scintilla-
tions are present up to 18:42 UTC, as reported in Figure 5, and correspond to positioning
errors'up to 10m. As long as scintillation decreases below 0.5rad, the positioning error
decreases. The linear fits confirms the trend.

To give a further confirmation that the highest error contribution is due to scintillation,
a scintillation-free dataset is considered. The results are depicted in Figure 8. No relevant
scintillation activity was detected at the time. The error on the the position is around
2m, and fairly constant over all the dataset duration, as shown by the linear fit.

Any relevant increments in the GDOP-free standard deviation are observed in the ex-
perimental data. Positioning solutions are characterized by sudden biases which are likely

to be caused by ionospheric events.

4.3. Towards detection of scintillation events through clustering of positioning

solution
Results of the previous section showed how, in the presence of scintillation, positioning

errors are affected by an increasing bias. In order to perform an automatic clustering of
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the realizations of X, k-means algorithm has been used. A binary clustering (k = 2) is
suitable, in this case, to identify the boolean occurrence of a scintillation event by means
of its effect on the positioning error. The algorithm establishes the occurrence of the event
by considering only the positioning output without any need of additional training sets.
This approach is usually known as unsupervised learning.

The k-means clustering algorithm is a widespread computationally-efficient method
to partition the observations of a multi-variate random variable into k clusters [Lloyd,
1982]. Tt employs a two-phase iterative algorithm to minimize the sum of point-to-centroid
distances, summed over all k clusters. The algorithm first computes the centroids of the
clusters and then iteratively establishes which observation belongs to them [Arthur and
Vassilvitskii, 2007]. For more details on centroids computation and implementation of
k-means clustering algorithm, the readers is referred to [Hartigan and Wong, 1979]. k-
means always looks for two clusters but in absence of relevant phenomena, the separation
of the computed centroids is expected to be small. The realizations of the positioning
solution, x, are mapped to one of the two clusters according to the following rule:

e x(¢) belongs to cluster 1, i(t) = 1;

e x(¢) belongs to cluster 2, i(t) = —1.

Depending on the initial clustering, the indexes can be inverted but the transitions
between the two choices are preserved, thus representing the target of this study.

By observing the positioning solution in an E-N-U coordinate system, the bias in the
positioning error is particularly evident. As an example, Figure 9 shows the positioning
results for three datasets (September 7, 22:59, September 8, 07:57, and September 8§,

18:32). The results have been plotted with a different color depending on the absence and
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presence of phase scintillation, according to the decision of the k-means algorithm. It is
noticeable that the clusters are well separated for all the datasets affected by scintillation.
On the contrary, when no scintillation is present, as in the dataset of September 5, there
is no evident separation between the two clusters. This is shown in the bottom right panel
of Figure 9.

Although the variance of the two clusters does not provide significant information about
the event, the bias is clearly visible in the case of points affected by scintillation. This
outcome suggests then a novel way to detect scintillation, based on the effects on the posi-
tioning rather than on the observation of the signal quality or of each single measurement.

Figure 10 depicts the analysis of the time series of the clustering decision, i(t). This
off-line inspection allowed the determination of the instant in which a significant variation
in the spatial distribution of points starts being observed. Such an instant is hereafter
referred to t* and is expected to match a transition between presence and absence of
scintillation events.

More in details, Figure 10 depicts the superposition of the value of the scintillation
indexes of all available satellites (blue), the positioning solution error (orange), the portion
of data affected by scintillation according to a manual classification (yellow square) and
the step-wise time-series of the automatic clustering algorithm (black). It can be easily
observed that there is a good correlation between the increment of the values of o, and
of the positioning error, in correspondence with t*.

The clustering step-wise curve is able to correctly detect the scintillation events in all
the datasets analyzed. It has to be noted that in the case of September 8, 18:32, although

the scintillation event at the beginning is correctly identified, a false alarm is present after
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18:54. A deeper investigation revealed that this is not caused by scintillation, but likely
by multipath. As outlined in Section 3.1, due to the high latitude location, after 18:50
many satellites exhibit very low elevation. The reduced number of satellites in view does
not allow the exclusion of satellites below a certain elevation mask. As a consequence,

large positioning errors are introduced, triggering a false scintillation detection.

4.4. Effect of the smoothing weight

As shown in Figure 10, the identified transition instants (black solid lines) are not
perfectly aligned with the manually-set reference (yellow area). This misalignment could
be due to a random choice of the weight in the smoothing filters or to an inaccurate
manual definition of the beginning of the phenomena. Formally, there is a dependency of
the accuracy in the identification of the right transition instant, ¢t*, with respect to the
smoothing weight .

In order to determine an optimal value for parameter W, a search for the best match
between the ground-truth and the automatic identification of t* is performed. A ground-
truth step-wise time-series, i*(f), was defined according to the linear trend of o4 and
used to validate the triggering accuracy of the clustering algorithm. The i*(t) was built
according to the output frequency of the PVT solutions (i.e. 1Hz), thus keeping the
same number of available positions. The correctness of the time-series derived from the

clustering was evaluated by means of cross-correlation [Kay, 2013]:

Ry (k) = E[i"(t — k) * tw (t)] (9)

where F is the operand of the statistical average. The normalized peak values of the Ry,

were then collected, for different realizations of the clustering with W € [1,200].
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The results for three different datasets are reported in Figure 11. As expected, the
scintillation-free dataset exhibits a very low correlation with the ground-truth, always
below 0.2. In the presence of scintillation, higher values of correlation between ground-
truth and clustering time-series are obtained. In particular, the maximum correlation is
obtained for W between 110 and 120. This means that such weights of the smoothing
filter determine a major separation in the clustering process, thus guaranteeing a better
identification of the scintillation start and end time. On the other hand, the employment of
such values for a precise positioning emphasizes dramatically the effect of the ionospheric
event on the accuracy of the solution.

It is interesting to notice that the case W =1 is equivalent to employ code-based only
measurements. In this situation, it is impossible to recognize the scintillation event, as
code noise dominates the positioning error. As long as the value of W increases, the
carrier smoothed measurements are more and more relevant; the noise of the smoothed
pseudorange is reduced and the contribution of error due to scintillation is more and more
visible. For larger values of W, beyond 150 — 160, the solution obtained through carrier
smoothing is no longer reliable. The main contribution of error becomes the code-carrier

divergence.

5. Conclusions

Three different GPS datasets, recorded on early September, 2017, at Longyearbyen,
Svalbard, were analyzed in this study. Moderate and strong phase scintillation were
detected on September 7 and 8, as a consequence of the concurrent geomagnetic storm.
The effect on the GPS positioning solution were evaluated, by means a software receiver
implementing the carrier smoothing algorithm. Significant increments of the bias of the
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positioning error were observed during scintillation events. Similarly, the error variance,
properly corrected by the GDOP, showed a match with the intensity of phase scintillation.
Furthermore, the horizontal position solutions showed a clear clustering effect, allowing
to separate scintillated points by non-scintillated points. It was proven that clustering
based on carrier-smoothing position solutions is an effective method to determine the
error transition induced by arising and fading of scintillation events. The efficiency of
the method was verified for different weights of the carrier-smoothing algorithm up to the
identification of an optimal value which emphasizes the effect of the scintillation.

The inspection of datasets with stronger scintillations in different geographical areas is
expected to better asses the results of the current study. As further research, a better
design of the clustering algorithm with an extended position vector is advisable as well
as the capability of performing online clusterization each time positioning solutions are
computed. Furthermore, the evaluation of a metric such as the separation of the clusters
can provide a measure of integrity of GNSS positioning during next severe geomagnetic

storms.
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Acronyms

CME Coronal Mass Ejection

ECEF Earth Centered Earth Fixed

DST Disturbance Storm Time

GDOP Geometrical Dilution Of Precision
ISMR Ionospheric Scintillation Monitoring Receiver
LMS Least Mean Square

PVT Position, Velocity and Time

GNSS Global Navigation Satellite System
UERE User Equivalent Range Error
SDR Software Defined Radio

SSC Sudden Storm Commencement

USRP Universal Software Radio Peripheral
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Table 1. Summary of significant datasets captured by the SDR system in Svalbard during

the September 2017 storm.
Date Start time (UTC) GPS PRNs affected Maximum og

07/09 22:59 13, 20, 28, 30 0.5rad
08/09 06:08 6, 23, 25, 29, 31 0.4rad
08/09 07:57 9, 16 0.4rad
08/09 09:45 7 0.5rad
08/09 18:32 6, 9, 23 1.2rad
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Figure 1. Time profiles of AU (blue) and AL (red) auroral indexes (panel a), of AE (red) and
AQO (green) auroral indexes (panel b), of DST (panel ¢) and Kp (panel d) indexes of geomagnetic

disturbance, on September 2017.
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Figure 2. Positioning error in E-N coordinates for code-based and smoothed algorithms
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Figure 3.  Visibility of GNSS satellites over 24 hours: GPS (orange), GLONASS (yellow),

Galileo (yellow) and Beidou (purple). Adventdalen, Svalbard Archipelago, 78°1010.05” N.
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Figure 4. Sousy Radar Station in Adventdalen Valley 78°10'10.05” N, 15°59'33.32" E,

Longyearbyen, Spitsbergen (Norway).
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Figure 9. Positioning error of datasets affected by scintillation (September 7, 22:59; September

8, 07:57; September 8, 18:32) and not affected by scintillation (September 5, 16:24).
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