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Abstract

Software-Defined Radio (SDR) Global Navigation Satellite System (GNSS) receivers for operational
Ionospheric Scintillation Monitoring (ISM) have faced challenges and were deemed failures by many
research projects. The need for a highly stable oscillator and a robust real-time signal-tracking capability
have been the main challenges.

The Istituto Nazionale di Geofisica e Vulcanologia (INGV) led a project called DemoGRAPE (Demonstrator
of GNSS Research and Application for Polar Environment) to deploy an SDR GNSS Receiver at SANAE IV
Antarctica station, which has been continuously operating since January 2016. The SDR receiver was
designed by the Navigation Signal Analysis and Simulation (NavSAS) group in collaboration with the Joint
Research Centre (JRC) of the European Commission. The system deploys the SDR in parallel to a Septentrio
PolaRxS ISM receiver. The two receivers are fed by the same receiving antenna (i.e., they share the same
field of view and, hence, cross the same portion of the ionosphere) such that they receive quasi-identical
signals except for the independent effects of their front-ends. The SDR produces as output a log file,
equivalent to the ISM record produced by PolaRxS, that contains the amplitude and phase scintillation
indexes. In addition to this, the SDR system records the raw digital samples of the GNSS signal when the
internal algorithm of the receiver detects scintillation presence. These data can be used to replicate the
scintillation event in the laboratory and perform dedicated post-processing of the raw signal itself.

The system has been in operation for over seven years now, spanning more than half a solar cycle. It has
recorded several geomagnetic storm events as well as abundant data in quiet conditions. To the best of our
knowledge, this is the longest dataset of this nature (co-located PolaRxS and SDR receivers). We compare
the performance of the two receivers by analyzing the scintillation climatology maps obtainable from both
receivers’ data. Here, the climatology is obtained using the well-established Ground-Based Scintillation
Climatology (GBSC) technique from the data provided by the two different receivers.

The study shows that the SDR climatology maps under disturbed geomagnetic conditions are equivalent to
those obtained from the PolaRxS receiver. Under quiet conditions, the SDR shows more scintillation events
than the PolaRxS. Carefully inspecting the differences in the scintillation occurrence between the two
receivers, they seem not to happen randomly but mainly concentrated along the expected (climatological)
position of the auroral oval. This means that the SDR application for space weather monitoring could
be possible and that the SDR could be utilizable as an informative tool by the ionospheric scintillation

community.
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1. Introduction

The utilization of Global Navigation Satellite System (GNSS) signals as tools for monitoring the ionosphere has
gained significant popularity. This is primarily due to the widespread availability of GNSS signals across the globe and
the open access to most of these signals. In general, there are two approaches to ionospheric monitoring, especially
when aiming at detecting ionospheric irregularities threatening GNSS signals (e.g., ionospheric scintillations).
The first approach involves using commercial receivers, such as Ionospheric Scintillation Monitoring (ISM)
Receivers (ISMRs) [see, e.g., Bougard et al., 2011; Van Dierendonck et al., 1993]. The second approach entails
developing a monitoring station based on the Software-Defined Radio (SDR) paradigm [Dovis et al., 2004;
Ferndndez-Prades et al., 2011; Presti et al., 2014]. Indeed, using commercial receivers has its limitations, with a
major drawback being their closed-source nature and limited customization. These receivers are usually tailored
for specific applications, which can constrain the ability to adjust or enhance algorithms, particularly those related
to acquisition and tracking loops. This lack of adaptability can pose challenges when attempting to meet custom
requirements or address specialized research objectives. For example, using a custom SDR receiver, [Pica et al., 2023]
addressed the presence of particular types of Radio Frequency Interference (RFI) that were wrongly classified by
commercial ISM receivers as scintillation events. Another illustrative case of specialized objective can be found in
[Fernandez et al., 2020], which delves into how ionospheric scintillation affects the transmission of signals from
a constellation of Low Earth Orbit (LEO) satellites using SDR technology. Furthermore, the cost and hardware
limitations associated with commercial off-the-shelf ISM receivers can also be significant challenges.

The abovementioned limitations highlight the advantages of opting for SDR solutions. SDR is a radio
communication system where software replaces many traditional hardware functions [Ulversoy, 2010]. It allows
for flexible and programmable radio systems, making it possible to tweak the signal processing chain from the
physical to the application layer through software rather than poorly-customizable hardware components.
Therefore, SDRs are highly flexible and can quickly adapt to developing or modifying wireless communication
architectures simply by changing software to support new communication services or protocols. Given its high
flexibility, observing scintillation phenomena utilizing the SDR architecture has become more popular. The use
of SDR offers several advantages, with signal recording being a primary benefit. For instance, in high latitudes
regions, scintillations may occur at any time. Recording signals that have encountered these phenomena can
be invaluable for subsequent analysis and research purposes. Moreover, noteworthy events are often monitored
from stations situated in remote or hard-to-reach areas. In such cases, modifying high-end receivers’ parameters
may be challenging or impossible, while SDRs can be remotely controlled and monitored, allowing for remote
maintenance and adjustments, even in inaccessible locations. Due to the configurability of SDR, receiver settings,
including front-end parameters and the acquisition and tracking architecture, can also be altered. Additionally,
this architecture provides access to intermediate and low-level signal processing stages, offering a more extensive
range of observables in monitoring systems. This accessibility allows for integrating various GNSS software receivers
within the same hardware framework. Additional advantages of SDR architecture have been detailed in the recent
literature [Cristodaro et al., 2018; Cristodaro et al., 2018; Linty et al., 2016; Mehr et al., 2023; Pica et al., 2023;
Imam et al., 2023].

Indeed, SDR architecture does have some disadvantages. One notable drawback is that SDRs can face difficulties
with real-time processing, especially when dealing with very high sampling frequencies or extremely wide
bandwidths. This challenge can lead to problems in transferring data between the front end and the processor,
potentially resulting in issues such as sampling loss and the integrity of the recorded samples. Furthermore, the
complexity of the system can be significantly higher, demanding expertise in both software and hardware to design,
implement, and maintain effectively. Moreover, the power consumption of the entire system can be considerably
greater compared to commercial receivers, as each component within the SDR architecture requires its own power
source, potentially resulting in increased overall power consumption.

SDR technology has been present in ionospheric scintillation data collection campaigns as a tool for recording
and offline processing GNSS signals [Curran et al., 2015; Linty et al., 2015; Morton et al., 2014), and many researchers
have demonstrated its ability to track the GNSS signals under strong scintillation conditions [Linty et al., 2018].
In this work, we focus on scintillation climatology, by processing a four-year dataset from a continuously running
GNSS SDR receiver that was developed to demonstrate the operational capabilities of this technology. To our
knowledge, this is the very first attempt to derive scintillation climatology from an SDR receiver, with a particular
focus on high latitude.
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In late 2015, the Demonstrator of GNSS Research and Application for Polar Environment (DemoGRAPE) project
installed a prototype GNSS SDR system in the South African base SANAE IV station (71°40'22"S, 2°50'26"W,
geomagnetic dipole latitude 66°45'S). The international project was funded by the Italian National Program for
Antarctic Research and led by the Istituto Nazionale di Geofisica e Vulcanologia, in collaboration with Politecnico
di Torino, LINKS Foundation (former Istituto Superiore Mario Boella), the South African National Space Agency
and the Brazilian National Institute of Space Physics. The SDR shares the antenna and works in parallel with a
commercial Septentrio PolaRxS ionospheric monitoring receiver, and both systems have been monitoring the
ionosphere continuously since installation [Alfonsi et al., 2016].

The receivers have been fully operational since January 2016, covering the decaying phase of solar
cycle 24 (2016-2018), the quiet phase of the same solar cycle (2019-2021), and the ascending phase of solar
cycle 25 (2022-now) that is expected to peak in the period 2025-2027. To show the geomagnetic conditions during
the considered time window, Figure 1 (a) and (c) show the time series for the 1-hr Dst (Disturbance storm time)
and 3-hr planetary Kp indexes [Kauristie et al., 2017], respectively, from January 2016 to December 2022. The
figure also shows in panels (b) and (d) the histograms of the Dst and Kp indexes on logarithmic scales, respectively,
highlighting the number of times each index range occurred. The Kp index monitors on a global scale the sub-auroral
geomagnetic disturbance. Kp above four is considered disturbed geomagnetic conditions, with the storm strength
increasing from minor to moderate to major as Kp increases from 5 to 9. Kp above 6 and Dst. below —100 nT are
considered major geomagnetic storms [Zhang et al., 2007].

In this paper, we analyze the period 2016-2019, which is under low solar activity conditions. Notably, even
under these generally quiet geomagnetic conditions, some significant geomagnetic storms occurred, inducing
scintillation events in the high-latitude regions, like the one that occurred in September 2017 [D’Angelo et al., 2021;
Linty et al., 2018; Spogli et al., 2021]. It is well known that scintillation may occur at any time, including under
quiet geomagnetic conditions. It is also known that under disturbed geomagnetic conditions scintillation may
not arise [De Franceschi et al., 2008]. Taking this in mind, throughout this article, we will be referring to “quiet”
and “disturbed” as related to geomagnetic conditions. The four-year dataset is long enough to drive scintillation
climatology maps for quiet conditions and verify it against literature covering the same and previous solar cycles.
Moreover, the number of geomagnetic events that induced the formation of ionospheric irregularities in the high
latitudes is large enough to conduct an initial assessment of the receiver capabilities under disturbed conditions in
preparation for the expected solar cycle peak in 2025.
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Figure 1. (a) Dst and (c) Kp indexes 2016-2022 and histogram of the number of events in each (b) Dst and (d) Kp index range.



Rayan Imam et al.

The fact that the SDR is installed in parallel to the widely used Septentrio PolaRxS commercial ISM receiver
[Bougard et al., 2011] adds a unique dimension to this comparison. For this comparison, we chose to use synchronous
SDR-PolaRxS datasets. This means that the dataset includes only the instances where the two receivers were
simultaneously successfully tracking (to be precise, simultaneously giving measurements for) a GNSS signal. This
implicitly implies that this comparison does not emphasize the performances of the receivers in terms of signal
tracking and processing capabilities under challenging ionospheric conditions that may lead to tracking loss, which
deserves independent analyses worth a further article. However, this article includes an assessment of the difference
between the two receivers in estimating the amplitude and phase scintillation indexes.

The article is organized as follows. Section II describes the scintillation monitoring stations at SANAE, covers
the computation of the scintillation indexes from GNSS receivers’ measurements, and introduces the Ground-Based
Scintillation Climatology technique. Section III describes the experimental datasets and the methodology. Section
VIis dedicated to the results and discussion. The conclusions are derived in Section V.

2. Background
2.1 Monitoring station architecture

As discussed in the previous section, one of the most intriguing ways to pursue monitoring of ionospheric
scintillation is by applying SDR techniques. These techniques not only facilitate the real-time recording and
processing of signal samples, but also enable subsequent post-processing for more comprehensive analysis. Generally,
within the system architecture built upon SDR, a front-end is equipped to capture signals with enhanced resolution.
The front end typically consists of the hardware components responsible for receiving the Radio Frequency (RF)
signal from the antenna and converting signals into digital data samples that the rest of the systems can process. The
GNSS monitoring architecture employed in this context is illustrated in Figure 2 [adapted from Alfonsi et al., 2016],
and a more detailed explanation of each component is provided subsequently.

1) GNSS antenna: is a multi-band antenna capable of supporting multiple satellite constellations, including GPS,

GLONASS, and Galileo.

2) Mini-circuits RF splitter: It is employed to split the received signal at the antenna and distribute the RF signal
to both the GNSS ISMR receiver and the RF front-ends.
3) Low Noise Amplifier (LNA): It’s a line amplifier equipped with a DC filter designed to amplify the GNSS signals.

GNSS
Antenna

A
ISMR (3) NA
@ Septentrio RX Y |
H ADC/DAC
............... > foshadgi > lﬂ(—) @
Ji N .
A ® @
Host PC
................ RF cable T External storage
10 MHz
Ethernet cable Oscillator @ (AR}

Figure 2. The architecture of the scintillation monitoring system installed at SANAE IV station
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4) Front-end: The front-end equipment utilized comprises Universal Software Radio Peripheral (USRP) N210
devices, responsible for conducting the ADC conversion of the input signal and delivering a stream of
Intermediate-Frequency (IF) In-Phase/Quadrature (I/Q) data.

5) Rubidium atomic clock: It furnishes a reliable and stable clock reference for the USRP’s front-end, in particular
to its ADC.

6) Host PC: It is responsible for executing the routine program that manages the stream of digitized signals and
stores them. Additionally, the fully software GNSS receiver operates on the PC computer.

7) External-storage: Since the disk capacity for storing raw samples in host-pc is limited, the recorded raw will
be transmitted to the external storage. As an example, recording I/Q samples of a GNSS signal at an IF with
a sampling frequency of 5 MHz for a duration of 50 minutes, the resulting data size would be approximately
30 gigabytes (GB).

8) Cabling: The front-end has the capability to communicate with the host PC through Ethernet, and both of them
are connected to a router, where the computer is also connected.

9) ISMR: The receiver used for this context is the Septentrio PolaRxS, a specialized receiver employed to monitor
and investigate ionospheric scintillation phenomena.

At the software architecture level, a complete GNSS software receiver is utilized to extract the scintillation indexes.
This software receiver is known as 4tuNe and was developed by the Joint Research Centre (JRC) of the European
Commission (EC). It features a modular and reconfigurable architecture, allowing it to perform scintillation
monitoring functions that are on par with those carried out by commercial solutions [Curran et al., 2014].

2.2 GNSS Scintillation Indexes

The amplitude scintillation index (S4) is the standard deviation of the detrended received signal intensity (SI)
normalized to the average signal intensity [Briggs & Parkin, 1963]. This S4 definition applies to any trans-ionospheric
communication signal, transmitted by any satellite at any orbit above the ionosphere. S4 over the observation

window T, is given by [Fremouw et al., 1978]:
B ,(SIZ) —(SI)?
54 = (SI)2 , (1)

where (.) is the average over T, and SI is the detrended signal intensity. S4 corresponds then to the amplitude
scintillation index of the previous time window.

When applied to GNSS-based scintillation monitoring, the terms detrending and signal intensity are not trivial.
The signal intensity estimated by a GNSS receiver is affected by receiver-dependent noise and gain. These can be
removed by subtracting the noise contribution (typically estimated by the receiver) and normalizing the signal
intensity. Scintillation monitoring receivers choose to counter the noise in various ways. Some receivers eliminate
the receiver noise before applying the detrending filter [Crowley et al., 2011]. Other receivers choose to remove the
receiver noise by subtracting the predicted S4 due to the noise factor from the standard deviation in SI, for example
[Van Dierendonck et al., 1993). Some receivers implement neither. The most common method to calculate S4 from
GNSS measurements taking into account the effect of the ambient noise, if not already removed from SI, is [Van
Dierendonck et al., 1993]:

(SI?) —(SI)? 100 [ 500 ]

S4‘after noise correction — \/ (SI)Z - C/NO 19 C/NO (2)

100 [ 500 ]

where C/N, is the carrier-to-noise ratio estimated by the receiver, and the overall term +
/Mo Y ’ C/N,|” T19C/N,

corresponds to the tracking-loop phase noise variance [Holmes, 1982; Portella et al., 2021].
The signal intensity is also affected by the propagation losses that are induced by factors other than the
irregularities in the ionosphere. Detrending aims to remove the latter effects. When detrending the signal intensity,
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a low-pass version of SI is subtracted from SI to remove the non-scintillation-related components. The filter
applied is usually a sixth-order Butterworth low pass filter with 0.1 Hz cutoff frequency [Rino et al., 1981; Van
Dierendonck et al., 1993], but other detrending methods are also present in the literature. For example, [Van
Dierendonck & Arbesser-Rastburg, 2004] exploit the wide and narrow band power, WBP and NBP respectively, to
detrend the signal. NBP, WBP and the detrended signal intensity as:

WBP =35, (I5, + Q%), 3)
NBP =35 115 + 23105, “)
- NBP — WBP )

~ (NBP — WBPY

where M is the number of samples in the integration window (20 ms is common for GPS L1/CA signals and for
Galileo) and (. ) is the average over T, . Filtering techniques, other than the sixth-order Butterworth filter, claim
to give a better estimation of S4 [Materassi & Mitchell, 2007; Najmafshar & Skone, 2014], and thus S4 estimation
changes with the detrending method in use [Materassi et al., 2009; Najmafshar & Skone, 2014].

The phase scintillation index o is defined as the variance of the detrended phase. It is computed from:

o} = ff Py()df = (67— (D)2, ©

®- D

where f; is the lowest frequency admissible by the system, Py is the phase spectrum, P is the phase spectral power,
P is the spectral index, ¢ is the raw phase, and (.. ) is the detrending operation.

This detrending and f, have been a topic of debate among the scientific community for a long time, especially
for high-latitude scintillations [Forte, 2005; Forte & Radicella, 2002; Ghobadi, Spogli, et al., 2020; McCaffrey &
Jayachandran, 2019; Spogli et al., 2022; Wang et al., 2018]. Such recent literature highlights how the differences
in the meaning of scintillation, and the perils of using the phase scintillation index retrieved with fixed cut-off
frequency, that may lead to a wrong estimation of the relative balance between refractive (deterministic) and
diffractive (stochastic) effects in the found patterns of scintillation indexes. These late findings suggest that
scintillation is only due to stochastics effects, which are the most threatening for GNSS, and that they cannot simply
be removed by combinations of GNSS observables. On the other hand, refractive effects, causing the bulk of the
phase scintillation index fluctuations in the high-latitude sector, can be removed by using combinations like the
ionosphere-free linear combination and they are suggested to be called simply as “phase fluctuations”. Diffractive
effects affect signal amplitude and phase. They are due to irregularities that are below the Fresnel’s scale for L-band
and GNSS observational geometry, i.e. of the order of few hundreds of meters. Refraction affects only the phase of the
signal, and it is due to all ranges of scales, being the meso-scale (from km to few tens of km) the one mostly involved.

Bearing this in mind, we let the reader notice that ISM receivers implement phase detrending in various ways. For
example, the receiver in [Crowley et al., 2011] implements a polynomial fit to remove the high-frequency noise and
uses a third-order polynomial subtraction to filter out the low-frequency phase variations. Then, it applies Eq. (6)
ona 100 s cadence to estimate g,. However, the most common way to detrend ¢ uses a sixth-order high-pass digital
Butterworth filter with 0.1 Hz cutoff frequency, then estimates o, from Eq. (6) on a 60s cadence.

A comparison of the calculated scintillation indexes by a selection of ISM receivers can be found in de
Paula et al. [2021] and in Ghobadi et al. [2020]. Here, we just highlight that i) estimating the noise-free signal
intensity and the detrending operation are not trivial, ii) the type of receiver in use controls how the indexes were
calculated, and iii) since we are comparing two receivers the indexes estimated will be different to some degree. The
PolaRxS has a firmware that implements the calculation of the scintillation indexes while the SDR has a software
routine that calculates the indexes using Eq. (1) and Eq. (3).

An early comparison that shows a good correlation between the indexes estimated by PolaRxS and the SDR at
SANAE IV can be found in [Alfonsi et al., 2016]. Figure 3 shows an example of the indexes estimated by the two
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Comparison between SDR and PolaRxS indexes. No data removed or Elevation mask, PRN0O2
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Figure 3. Time series of S4 (top) and o4 (bottom) for PRN0O2 between 22:00 and 03:00 UTC 7-8 September, estimated by the
SDR (blue) and PolaRxS (red). The right y-axis of the top panel shows the elevation of the GNSS satellite (yellow).

receivers reporting mainly strong phase fluctuations due to meso-scale irregularities and increased values of the S4
index for low-elevation angles, mostly due to multipath effects. For this demonstration, we choose the September
2017 event, which was one of the strongest geomagnetic storms of solar cycle 24. The figure shows the time series
of S4 (top) and o4 (bottom) for PRNO2 between 22:00 and 03:00 UTC 7-8 September, estimated by the SDR (blue) and
PolaRxS (red). The right y-axis of the top panel shows the elevation of the GNSS satellite (yellow). The 5-hour data
starts as the satellite rises in the horizon until it is out of the field of view of the antenna. The PolaRxS continuously
monitors the signal, while the SDR data consists of 50 minutes of data followed by approximately 20 minutes of
data gap due to the configuration of the receiver for grabbing and processing the signal.

The figure highlights the two receivers’ ability to track the signals under strong scintillation. Looking at the top
panel, the two receivers’ indexes are almost identical, even when the signal started to show multipath signatures
around 02:30 UTC when the satellite elevation was ~10°. The same is true for o4, except when the SDR starts to
lose the signal as the satellite is exiting the field of view of the antenna, where the SDR gives infinite values to the
04 index. Other than that, the SDR was able to estimate the index with performance similar to PolaRxS.

2.3 Ground-Based Scintillation Climatology

Measurements of ionospheric scintillation have been continuously collected since the first artificial satellites
in the 1950s, and the preceding radio star measurements in the 1940s [Chie Yeh & Liu, 1982]. To interpret
these measurements, many theories of radio wave scattering have been applied [Yeh & Liu, 1982; Priyadarshi,
2015] and various ionospheric scintillation models have been developed [Béniguel, 2002; Secan et al., 1997;
Wernik et al., 2007]. A recent review that covers the climatology of ionospheric scintillation over polar regions can
be found in [Alfonsi et al., 2022].

Ground-Based Scintillation Climatology (GBSC) map is a well-established technique for identifying the areas of
the ionosphere where scintillation is likely to occur [Alfonsi et al., 2011; De Franceschi et al., 2019; Spogli et al., 2009].
GBSC relies on constructing maps of the percentage of occurrence of the scintillation indexes in Altitude Adjusted
Corrected Geomagnetic Coordinates [Baker & Wing, 1989; Shepherd, 2014], i.e. Magnetic Latitude (MLAT) vs.
Magnetic Local Time (MLT). Throughout this paper, the percentage of occurrence is evaluated for each bin of
1° MLT (i.e. 4 minutes) x1° MLAT as:

_N(@>p)
= "Ntot Q)



Rayan Imam et al.

where N(a > ) is the number of instances where the index « is above a certain threshold g and Ntot is the total
number of data points inside that bin.

The auroral oval boundaries given by the Feldstein, Holzworth and Meng model for quiet (IQ =0) and
disturbed (IQ = 6) magnetic activity levels are superimposed on all the maps in this paper to indicate the approximate
position of the oval and its displacement due to Geospace forcing. Scintillation occurrence is indeed expected to
be observed inside and at the edges of the auroral ovals where electron density irregularities are more likely to
occur. It is important to mention here that i) the Feldstein oval underestimates strong disturbance conditions
[Spogli et al., 2009], and ii) the description of the oval is climatological, which suits the objective of this article.

In this paper, the GBSC maps will be displayed in polar maps, with the longitudes representing MLT and the
latitudes representing MLATS. The centre of the plot is 90° magnetic South, 00:00 MLT is shown at 180° longitude
line, and MLT is increasing anti-clockwise.

3. Methodology
3.1 Data availability

From the ISM receiver, 1450 days of data are available in the period 2016-2019 with only 11 days of data that are
completely missing. From the SDR, 1437 days of data are available with 24 days of data completely missing between
2016-2019. The dataset used in this study contains the synchronized ISM and SDR receivers’ data and is composed
of 1426 days of data out of 1461 days. The synchronization assures that both receivers’ data are available from the
same satellite accepting a maximum #0.5 second shift between the two receivers’ measurements. Indeed, the SDR
was working on the 11 days that PolaRxS was not working, acting as a backup ISM receiver.

All the PolaRxS scintillation and Total Electron Content (TEC) data are downloadable from the eSWua website
www.eswua.ingv.it [Upper atmosphere physics and radiopropagation Working Group, 2020]. The SDR data are owned
by NavSAS and INGV and are not available on the eSWua portal yet.

3.2 The receiver field of view

The location of SANAE IV, shown in Figure 4, describes how the station can observe ionospheric scintillations
from inside the polar cap under strong geomagnetic storms to sub-auroral regions in quiet conditions. Panel (a)-(d)
of Figure 4 show the Antarctic auroral oval as predicted by the Feldstein, Holzworth and Meng model [Feldshteyn,
1963; Holzworth & Meng, 1975] at 00:00, 06:00, 12:00 and 18:00 MLT, respectively. The oval between the two solid
black circles indicates the oval when the disturbance level is weak (magnetic activity index IQ = 0) and will be
referred to as IQ0 OA, while the one between the two red circles indicates the oval under strong disturbance (IQ = 6)
and will be referred to as IQ6 AO. The figure also shows an approximation of the field of view of the GNSS antenna
with two elevation mask angles, represented by dashed red lines for 30° and dashed black lines for 0°. Therefore,
when the auroral oval overlaps with this dotted circle, scintillations and phase fluctuations could be observed by
the receiver [De Franceschi et al., 2019; Jin et al., 2016; Nishimura et al., 2023; Spogli et al., 2009]. But also inside
the inner auroral boundary, the polar cap can host scintillations [De Franceschi et al., 2008; Hong et al., 2020;
Moen et al., 2013; Spogli et al., 2022]. Under disturbed conditions, a significant portion of the oval falls well within
the field of view of SANAE station, especially if the elevation mask is lowered to 0°.

3.3 Sidereal multipath removal

From a GNSS receiver point of view, Figure 4 indicates that the receiver is observing scintillations mainly at
low elevations (i.e., in the horizon) towards the polar cap. However, low-elevation data are usually removed by the
elevation mask that is generally applied for multipath avoidance. Such a mask will remove a considerable part of the
significant scintillation data. For this reason, we alternatively implemented a sidereal multipath mask instead of the
elevation mask [McCaffrey and Jayachandran, 2017]. Since the multipath sources around the antenna at SANAE IV
do not vary frequently, it is safe to assume that the multipath source is static for 7 days. We thus took the average
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S4 value for 7 days, 3 days before and after the measurement day, each day shifted by 4 minutes w.r.t the previous
one, as an estimation of the sidereal S4 value. The sidereal repeated S4 inflations are indicators of static multipath
sources and not scintillations. The latter are random by nature, and we do not expect to see the same scintillation
with sidereal repetition.

To complete the picture of the advantages of using the sidereal multipath mask instead of the elevation mask,
we show in Figure 5 the number of binned samples, in magnetic (top) and geographic (bottom) coordinates (a) for
all data, (b) after applying the sidereal multipath mask, (c) applying a 30° elevation mask, and (d) applying a
10° elevation mask. The bin size is 1°x1° (1° =4 minutes MLT). The ionospheric piercing point is calculated at
height of 350 km. For the bottom plots, we show the Feldstein auroral oval at 00:00 MLT, which highlights the best
scenario for the receiver field of view inside the auroral ovals.

MLT 00:00 MLT 06:00
DO

60°

90°

120°

180° 180°

(a) (b)

MLT 18:00

180°

(c) (d)

Figure 4 . The geographic and magnetic position of SANAE IV station with respect to the climatological Feldstein Auroral
oval at (a) 00:00, (b) 06:00, (c) 12:00 and (d) 18:00 MLT. The oval between the two solid black circles indicates
the oval when the disturbance level is weak (magnetic activity index IQ = 0), while the one between the two red
circles indicates the oval under strong disturbance (IQ = 6). The approximate field of view of the GNSS receiver
with 30° and 0° elevation mask angles is shown in dashed red and dashed black.
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Abowe 10 data

En.
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Figure 5. The histogram of SANAE IV data binned to 1° X 4 minutes magnetic MLAT,MLT (top) and 1°x1° geographic
lat,lon (bottom) coordinates for (a) all the data, (b) sidereal multipath free data, (c) data above 30° elevation,
and (d) data above 10° elevation. The Feldstein Auroral Oval corresponds to 00:00 MLT.

3.4 Scintillation climatology

In this paper, and referring to Eq. (7), a € {S4,0,} and g € {0.25,0.5}. Similar scintillation strength thresholds
were used in related publications [Pica et al., 2023]. To avoid including bins with poor statistics, bins with Ntot less
than 100 data points were discarded throughout the analysis, unless otherwise specified. Discarded data points take
null values, and they appear on the maps as unavailable data with white colour. The GBSC maps for the following
quantities were considered:

- For the SDR and PolaRxS separately, the occurrence of S4 > 0.25 (weak to moderate), S4 > 0.5 (moderate to
strong), o4 > 0.25 rad (weak to moderate), and o4 > 0.5 rad (moderate to strong).

— From PolaRxS only, the mean and standard deviation of the Rate of TEC (ROT) in TEC unit (TECu) are reported
per minute in each bin.

The absolute value of the difference between S4 and oy given by the SDR and the PolaRxS, S44;r and gy qiff
respectively, were calculated. The GBSC maps of the following quantities were generated:

— The occurrence of S44;¢r > 0.25, S44;¢¢ > 0.5, 04 ;¢ > 0.25 rad and o ;¢ > 0.5 rad.

- The mean and standard deviation of S44;¢, and the mean and standard deviation of oy 45 in each bin.

To facilitate a quantitative comparison of the accuracy of the SDR for various scintillation parameters P € «a,
climatological cases (@ > ), and geomagnetic conditions (quiet and disturbed), a single normalized percentage
difference Ry, rr was derived using the following expression:

(IPspr — P|)
Rairp = Slz%)' 100% V Pspr > B (©))

where (|Pspr — P|)is the mean absolute difference between SDR and PolaRxS for parameter P V P € a, for all the data
points where P estimated by the SDR receiver (Psp) exceed a threshold value 3, and (P)is the mean of corresponding
values of parameter P estimated by Septentrio’s receiver.

The overall dataset was split according to the Kp index (www.swpc.noaa.gov/noaa-scales-explanation) in two
subsets:
— Data with Kp < 5 were utilized to construct the GBSC maps for quiet conditions, and
— Data with Kp > 5 were utilized to construct the GBSC maps for disturbed conditions.
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Furthermore, each subset was divided into two groups according to the SDR gy (04 spr) index:

- Group with g4 spr < 2rad, indicating the data points where the SDR did not have peculiar signal phase
measurements, and

- Group with o4 spg > 21ad, indicating the data points where the SDR had peculiar signal phase measurements.

The SDR oy threshold of 2 rad is a reasonable heuristic we established for the current analysis. The optimization
and refinement of this quantity is beyond the scope of this article. We chose 2 rad because it is slightly above the g4
associated with extreme GNSS signals phase fluctuations recorded by the ISMR along the entire station campaign.

The sidereal multipath mask eliminates 15% of the dataset (compared to 51% that would have been eliminated
by a 30° elevation mask). In total, approx. 16,000,000 samples were available for conducting the climatology maps.
A sample is the set of measurements {SDR S4, ISMR S4, SDR g4, ISMR 04, ISMR ROT, S4y;¢¢, 0 aiff } Obtained from
a satellite signal, provided at 1-minute cadence. Only the GPS constellation is considered in this study.

4. Results and discussion
4.1 SDR vs. PolaRxS scintillation climatology under quiet conditions

Figure 6 shows S4 and g4 climatology maps under quiet conditions from the SDR (top) and PolaRxS (bottom)
for (a) S4>0.25 (b) S4> 0.5 (d) g5 > 0.25rad and (e) o4 > 0.5 rad, with bin size 1°x1°. The figure shows also
(c) the mean (top) and standard deviation (bottom) of ROT, which is provided by PolaRxS multifrequency GNSS
measurements.

We start by looking at the mean and standard deviation of ROT. Mean ROT in the morning/noon sector
(09:00-16:00 MLT) at the lowest MLATS is significantly higher than the other sectors due to the photoionization
process. The standard deviation of ROT takes its greatest values at the edge of the IQ0 and 1Q6 AO, in the evening
and night sectors. As shown in [Alfonsi et al., 2011] Table 3, high ROT and ROTrms (here ROT standard deviation)
are indications of irregularities of all scales, which might include the small scale irregularities that induce GNSS
amplitude and phase scintillations.

SDR S4 suggests S4 > 0.25 occurrence in the noon sector at low MLATS and S4 > 0.5 occurrence in the night sector
exactly at the edge of the IQ0 AO and between 00:00-01:00 MLT at all MLATSs. These observations are not visible
for the PolaRxS receiver. SDR S4 > 0.5 and PolaRxS S4 > 0.25 however show similar occurrence percentages in the
afternoon sector at all MLATS. PolaRxS did not observe S4 > 0.5 occurrence under quiet conditions.

o, from the SDR receiver is peculiar as anticipated in Section II Figure 3. Nevertheless, since these peculiarities
are random and equally distributed for all the MLAT and MLT, real phase fluctuations occurrence adds on top of
the noisy climatological map. However, o4 occurrence under quiet conditions is in the range of 1% as shown in
PolaRxS o4 > 0.25 rad occurrence, which made the SDR o maps useless in this case. Nonetheless, g4 > 0.5 rad
from the PolaRxS shows the same occurrences revealed by the S4 > 0.5 from the SDR in the night sector. Finally,
PolaRxS g4 > 0.5 rad inside the IQ6 AO agrees with the map of ROT standard deviation.

Next, we take g spr as an indicator for sorting the quiet conditions data into out of the dynamic range of the
SDR tracking loops (04 spr > 2 rad) and within the tracking capabilities of the SDR tracking loops (o4 spr < 2 rad).

Figure 7 shows the climatology maps of all the data where the SDR o < 2 rad under quiet conditions. The maps
of PolaRxS S4, o4 and ROT do not change while the maps of occurrence of S4 > 0.5 from the SDR are different w.r.t
the general case (Figure 6). S4 > 0.5 occurrence in the afternoon sector disappeared while S4 > 0.5 occurrence at
the edge of the IQ6 AO night sector is still visible.

Figure 8 shows the climatology of all the data where the SDR g4 > 2 rad under quiet conditions. Such SDR g4
peculiarities are associated to SDR S4 > 0.5 at the outer edge of the IQ0 and I1Q6 auroral ovals right after midnight.
From the PolaRxS, only S4 > 0.25 at the low MLATSs night sector is noticeable. PolaRxS g4 occurrence inside the 1Q6
AO all night is evident, especially at the edge of the IQ0 AO around 3:00 MLT. In general, the PolaRxS g4 > 0.25rad
map seems to partially agree with the SDR S4 > 0.5 map.
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Figure 6. All the sidereal multipath free data from the two receivers when Kp < 5. (a-b) S4 from the SDR (top) and from

the PolaRxS (bottom). (c) Mean (top) and standard deviation (bottom) of ROT. (d-e) o, from the SDR (top) and
PolaRxS (bottom).
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Figure 7. All the SDR phase scintillation anomaly-free data from the two receivers when Kp < 5. (a-b) S4 from the
SDR (top) and from the PolaRxS (bottom). (c) Mean (top) and standard deviation (bottom) of ROT. (d-e) o, from
the SDR (top) and PolaRxS (bottom).

13



Rayan Imam et al.
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Figure 8. All the data with SDR phase scintillation anomaly from the two receivers when Kp < 5. (a-b) S4 from the
SDR (top) and from the PolaRxS (bottom). (c) Mean (top) and standard deviation (bottom) of ROT. (d-e) o from
the SDR (top) and PolaRxS (bottom).
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4.2 544 and 0 ¢ giff under quiet conditions

Figure 9 shows the occurrence of the absolute differences in the indexes between the two receivers, 445 (top)
and oy 4;¢r (bottom), under quiet conditions, when the difference (a) >0.25, and (b) >0.5. It also shows the (c) mean
and (d) standard deviation of the index difference inside each bin.

S44i5¢ > 0.25 occurrence is dominant at the edge of 1Q6 around 18:00 MLT while S44;7, > 0.5 is most noticeable
at the edge of 1Q0 AO between 02:00 and 04:00 MLT and at all MLATS between 00:00 and 02:00 MLT. The standard
deviation of S44; takes its biggest value outside the IQ6 AO at midnight MLT, and at the edge of the IQ6 AO right
after midnight MLT. The fact that these differences’ occurrences are aligned with the auroral oval suggests that the
SDR might be informative for researchers studying ionospheric climate and weather.

On the other hand, the maps of g4 4;ff are not informative due to the high g4 spg noise. Its occurrence above
0.5 rad exceeds 5% for all the bins, regardless of the magnetic coordinates, and has a higher occurrence towards the
lower MLATs. The latter is attributed to the low C/NO or even undetected multipath. Low C/NO degrades the signal
phase tracking, resulting in signal tracking noise.

absolute difference in S4 and 7, GPS only. Sidereal MP free. only data where Kp<5 . Min bin count=100

Mean S4 .. S4diff Standard Deviation

S4 ;. >0.25 dife
0.06

occurrence [%]
occurrence [%]

occurrence [%]

occurrence [%]

(a)

Figure 9. Climatology of the absolute difference in the S4 (top) and o, (bottom) between the two receivers under quiet
conditions (a) difference >0.25 (b) difference >0.5 (c) mean difference (d) standard deviation of the difference.

4.3 SDR vs. PolaRxS scintillation climatology under disturbed conditions

Figure 10 shows S4, o4 and ROT climatology maps under disturbed conditions (Kp = 5) from the SDR (top) and
PolaRxS (bottom) for (a) S4>0.25 (b) S4>0.5 (d) 04> 0.25 rad (e) g4 > 0.5 rad (c) the mean (top) and standard
deviation (bottom) of ROT.

Starting from the mean values of ROT, the highest positive ROT values can be observed at noon followed by
negative ROT all afternoon. The standard deviation of ROT is high in the evening sector (19:00-23:00 MLT) exactly
at the edge of IQ6 AO.

The SDR reveals strong amplitude scintillation S4 > 0.5 in the night sector (02:00-04:00 MLT) at the edge of
1Q6 and in the morning sector at sub-auroral MLAT. The same scintillation occurrences are observed by PolaRxS
but with S4>0.25. S4> 0.5 is also observed but less frequently by the SDR at the edge of I1Q6 in the evening
sector (20:00-22:00 MLT). The latter could be due to multipath because it is separated by almost 12 hours MLT from
the S4 occurrence in the morning sector. PolaRxS on the other hand did not observe any S4 > 0.5 under disturbed
conditions.
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The climatology of g4 from the two receivers are quite equivalent. Both receivers observe g > 0.25 rad occurrence
inside the IQ6 oval all night long (00:00-06:00 MLT) for both g4 thresholds: 0.25 and 0.5 rad. Indeed, the noise in
SDR gy is evident in its occurrence which is always above 2% at all MLATs and MLTs.

When the receivers are under disturbed conditions their respective climatology results are very similar in
comparison with the quiet time when the SDR and PolaRxS maps result are significantly different. This result could
be misinterpreted due to the small size of the disturbed conditions dataset. Nevertheless, our analysis demonstrates
how the SDR performance is comparable to the PolaRxS under disturbed conditions (as shown in Figure 3).
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Figure 10. All the data from the two receivers when Kp > 5. (a-b) S4 from the SDR (top) and from the PolaRxS (bottom),
(c) Mean (top) and standard deviation (bottom) of ROT. (d-e) o4 from the SDR (top) and PolaRxS (bottom).
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Figure 11 shows the climatology for the data where o4 spr < 2rad under disturbed conditions. These maps are
equivalent to the general case (Fig. 10) since this subset constitutes most of the dataset under disturbed conditions.
No differences can be noticed neither in the mean and standard deviation of ROT maps nor in the o4 maps. For
S4 maps, the occurrence of PolaRxS S4 > 0.25 and SDR S4 > 0.5 in the morning sector disappears, leaving the S4
occurrences at the edge of IQ6 AO night sector clearly visible.
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Figure 11. All the SDR phase scintillation anomaly-free data from the two receivers when Kp > 5. (a-b) S4 from the

SDR (top) and from the PolaRxS (bottom), (c) Mean (top) and standard deviation (bottom) of ROT. (d-e) g
from the SDR (top) and PolaRxS (bottom).
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Figure 12 shows a map representing all the data where the o spr showed anomaly under disturbed conditions.
The size of this subset of the dataset is so small that the minimum number of data points inside a bin was lowered
to 1 sample/bin only. Thus, we do not call this figure a climatology, but rather a representation of the data. In this
small subset of the data, both the mean and standard deviation of ROT maps have peak values at the edge of 106
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Figure 12. All the data with SDR phase scintillation anomaly from the two receivers when Kp > 5. (a-b) S4 from the

SDR (top) and from the PolaRxS (bottom), (c) Mean (top) and standard deviation (bottom) of ROT. (d-e) o from
the SDR (top) and PolaRxS (bottom).
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AOQ evening sector (18:00-23:00 MLT). Both receivers observed the occurrence of S4 > 0.25 in the morning sector
at 60° S MLAT. The SDR observed in addition to that occurrence of S4 > 0.25 at the edge of 106 AO post-noon
sector. g; maps, although the ones from the SDR are useless, are interesting. Looking at PolaRxS g4 > 0.25 rad, one
can imagine the AO of this subset of data has expanded in all directions (i.e. MLTs) toward lower MLATS. Another
oval can be imagined at 60°S MLAT spanning the evening and night sectors. o4 > 0.25 rad maps also show clear
occurrences of phase scintillation at the edge of IQ0 and 1Q6 in the night sector. o > 0.5 rad occurred at the edge
of 1Q6 at 02:00 MLT and at 60°S MLAT between 20:00-22:00 MLT.

4.4 S4 i and o gy under disturbed conditions

Figure 13 shows how the S4 index estimated by the two receivers under disturbed conditions differ by more than
0.25 at the outer edge of IQ6 around 18:00 and 04:00 MLT. S44;¢7 > 0.5 was not observed. The mean and standard
deviation of $44;r have uniform occurrences for all MLTs, with higher values at the edges of the MLAT, suggesting
differences in S4 computation due to the different receivers’ noise variance as the C/NO decreases.

04 aify occurred mostly inside the 106 AO all evening and night sector, and outside the IQ6 oval towards low
MLATS between 21:00-03:00 MLT. The mean and standard deviation of gy ;55 reflect on SDR g, peculiarities that
are most noticeable at the edge of 106 AO 20:00-22:00 MLT and right after midnight, at the edge of 1Q0 00:00-
03:00 MLT, and in the morning and noon sector towards low MLATs. The fact that these differences are observed
where irregularities formation are expected, further suggests that the SDR could be informative in scintillation
data interpretation.
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Figure 13. Climatology of the absolute difference in the S4 (top) and o4 (bottom) between the two receivers under disturbed
conditions (a) difference >0.25 (b) difference >0.5 (c) mean difference (d) standard deviation of the difference.

4.5 Discussion and remarks

Table 1 shows a quantitative comparison between the absolute differences in S4 and g4 between the SDR and the
PolaRxS receivers under quiet and disturbed conditions in terms of Ry; . The first column shows the parameter P,
the second shows the threshold conditions on Pspg, the third shows the geomagnetic conditions, the fourth shows
the mean absolute difference in the index P from the two receivers (|P,, — P|), the fifth column is the average
value of the index as estimated by PolaRxS (P), and the last column shows the computed Ry; ¢ according to Eq. (8).
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As anticipated in the previous section, the normalized percentage difference seems to provide a non-negligible
difference between the receivers. Just relying on Table 1, as was the case with Figure 6, we could say that the receivers
are totally different tools. The mean values of the absolute differences in Table 1, and also in Fig. 9 and Fig. 13,
are in alignment with values reported by [de Paula et al., 2021], where the differences in the scintillation indexes
from 6 different receivers were analysed. In the latter study, approximately 4 days of data from low latitudes on
scintillation days, were utilized, while in this article 4 years of high latitude data were utilised.

From Ry;¢; reported in Table 1, the absolute average differences in the indexes from the two receivers under
disturbed conditions are smaller compared to the quiet conditions. For example, the cases with S4 > 0.5 have
Rg;rr approximately 1,400% under quiet condions and only 300% under disturbed conditions. The same is true for
0.5 < g4 < 2that goes from approximately 3,200% under quiet conditions to only 223% under disturbed conditions.
Indeed, these statistics could be biased and jeopardized by the small sample size of the data set under disturbed
conditions w.r.t the data set under quiet conditions in the period 2016-2019 of low solar activity.

Nevertheless, the results observed in this table could help the investigation on using the SDR for space weather
applications. The similarity between the climatological maps under disturbed conditions (Figures 10 and 12)
suggests the ability of the SDR to work under strong scintillation conditions, however the high Ry; ¢ under quiet
conditions hints that the SDR will be raising false alarms under quiet conditions and thus doubts the overall

Parameter @) gpr'ectinaton  condion  (1PoR =P
S4 - Kp<5 0.024 0.052 47%
S4 $4>0.25 Kp<5 0.25 0.103 244%
S4 $4>0.5 Kp<5 0.799 0.057 1392%
S4 - Kp=5 0.019 0.052 36%
S4 S4>0.25 Kp>5 0.212 0.105 202%
S4 S4>0.5 Kp=>5 0.404 0.135 300%
o ogp<2rad Kp<5 0.023 0.029 79%
o 0.25 <0y <2rad Kp<5 0.791 0.04 1941%
o 0.5<04<2rad Kp<5 1.053 0.03 3140%
o o <2rad Kp=>5 0.025 0.054 46%
g 0.25<0y<2rad Kp=>5 0.356 0.31 115%
o 0.5<04<2rad Kp=5 0.757 0.34 223%
o og>2rad Kp<5 4713 0.03 15,875,509%
o o4 >2rad Kp=5 3077 0.08 3,892,803%

Table 1. Relative differences between climatological parameters derived from SDR and PolaRxS monitors.
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proposal of SDR receivers for space weather monitoring. The fact that the disturbances under quiet conditions
are not random and that they are focused at the edges of the auroral ovals (Figures 6 and 8) suggests further
investigating these differences between the receivers. The receivers could have been tested and optimized to work
well under disturbed conditions, resulting in inferior performance under quiet conditions. Also, the different post
processing techniques implemented by the different receivers could be biased against effects that are dominant
under quiet conditions, resulting in these noticeable differences under such conditions. These two assumptions
could be addressed by further investigating the scintillation events identified by the SDR under quiet conditions
using the high-rate data (50 Hz) available from both the SDR and PolaRxS receivers in this study. Furthermore, the
IQ samples available from the SDR receiver under the quiet conditions could be re-processed using other receivers
available from many research groups around the world, including the MATLAB-based SDR receiver developed by
the NavSAS research group of Politecnico di Torino, where various parameters of the signal processing and post
processing could be tuned.

Finally, under quiet geomagnetic condition, the ionosphere is not actually quiet [De Franceschi et al., 2019;
Spogli et al., 2009] due to the many forces that affect the ionosphere, and thus those disturbances under quiet
geomagnetic conditions identified by the SDR are worth investigation, and in this sense the SDR could play a role
of an informative tool for ionospheric research community.

5. Conclusion

In this paper, we present a first look into the climatology of scintillation as observed from an SDR receiver under
quiet and disturbed conditions. We process the longest SDR scintillation data collection, as far as we know. We show
the climatology of S4 and o4 for two index thresholds: 0.25 and 0.5. We compare these climatology maps with the
ones obtainable from a PolaRxS commercial ISM receiver sharing the same antenna with the SDR. We also show
the climatology of the difference in S4 and g, between the two receivers.

At first look, it seems that the climatology from the SDR under quiet conditions is significantly different from
the commercial ISM receiver. However, carefully categorizing the data according to the occurrence of SDR phase
measurement anomalies reveals that the SDR can be informative and can help researchers reveal interesting insights
about ionospheric irregularities. In particular, the climatology of amplitude scintillation under quiet conditions
from the SDR suggests a higher occurrence of S4 than the PolaRxS is reporting, especially at the edge of both the
quiet and disturbed conditions auroral ovals in the night sector.

On the other hand, the climatology maps of S4 and o4 under disturbed conditions from both receivers are
equivalent, except for the noise in the SDR g, maps. This noise is uniformly present at all MLATs and MLTs and the
real phase fluctuations occurrence is observed on top of the noise. Such performance for the SDR under challenging
ionospheric conditions, confirms the ability of SDR receivers to process GNSS signals under scintillation conditions
and suggests the feasibility of expanding the scope of the SDR from a tool used only for data recording and offline
processing tool to a tool that can be used for operational space weather monitoring. The latter must be preceded
by a careful inspection of the causes of the scintillation events detected by the SDR under quiet conditions in order
to guarantee that the SDR would not be generating regular false alarms under quiet conditions.

The normalized percentage difference between the climatological parameters derived from the SDR and PolaRxS
monitors under different geomagnetic conditions further confirms that on average, the differences between the
two receivers indexes under disturbed conditions are smaller than the differences under quiet conditions. Indeed,
these statistics could be biased and jeopardized by the fact that the number of samples under geomagnetic disturbed
conditions are not as abundant as those under quiet conditions.

The SDR at SANAE IV stations has been running continuously for seven years. We showed the first results of
the climatology from the SDR for the first four years, 2016-2019 that are quiet in terms of solar activity. The results
encourage us to use the SDR as an informative tool for identifying and further analysing interesting scintillation
and phase fluctuation events. In a future work, the spectral analysis for selected events both from the SDR and
PolaRxS measurements is planned. Also, further processing for the SDR high-rate post-correlation measurements
and the recording of the raw signal spectrum (I/Q samples) are foreseen. Finally, the results presented in this
paper encourage us, and the scientific community who operate SDR receivers for scintillation monitoring, to keep
operating the SDR system at SANAE and further develop it using the state-of-the-art SDR GNSS receivers for
ionospheric scintillation.
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