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Design of a Configurable Monitoring Station
for Scintillations by means of a
GNSS Software Radio Receiver
Calogero Cristodaro, Fabio Dovis, Nicola Linty, and Rodrigo Romero

Abstract—This paper addresses the design and implementation
of a monitoring station for Global Navigation Satellite Systems
signals based on the Software Defined Radio paradigm. The
monitoring platform exploits a digital data grabber based on
the use of Universal Software Radio Peripheral devices and
a satellite navigation fully software receiver; with respect to
a traditional commercial receiver, this implementation solution
grants a higher level of flexibility for the processing strategy,
enabling the possibility of a deeper analysis of the signals in
case of meaningful events, such as ionospheric scintillations or
radio-frequency interference, through the storage of raw samples.
Such an implementation approach yields valuable advantages in
critical and remote areas, such as polar regions, where resources
are limited and installation, maintenance and replacement of
hardware may be critical.

I. INTRODUCTION

IN recent times, the increased use of Global Navigation
Satellite System (GNSS) for a widespread of applications

and services has clearly highlighted how one of the essential
performance metric to take into account is the reliability of
the estimation of the user position. It is well know, in fact,
that the signals that are currently broadcast for civil use by
the GNSSs are not granted. For this reason, in parallel to the
development of advanced algorithms and receiver architectures
able to improve the accuracy and precision of the estimated
position, a number of monitoring procedures able to assess the
quality of the measurements are being designed and developed.

Autonomous integrity monitoring algorithms at receiver
level, such as the Receiver Autonomous Integrity Monitoring
(RAIM), have been designed since a long time [1]. These
algorithms monitor the pseudorange quality, to detect anoma-
lies in the measurement and possibly exclude them from the
positioning procedure. A different approach can be undertaken
by observing the received signal itself and detecting and
characterizing possible threats by means of signal process-
ing techniques. However, received GNSS signals exhibit an
extremely low Signal-to-Noise ratio. Anomalies in the signal
structure can be observed only exploiting high gain antennas
[2], which is often not practical, cost-effective, and anywhere
implementable. On the other hand, the use of Software Defined
Radio (SDR) approach allows the development of low-cost
sensors, that can be used to collect raw samples of the received
signals, and tailored architectures of GNSS processors, in
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order to assess the presence of specific threats [3], [4]. Results
of the monitoring can then be used either to raise reliability
warnings to the users or for scientific purposes to develop
error models of more general validity. As an example, the
use of GNSS signals as probes for ionosphere monitoring has
become quite popular since such signals are available almost
everywhere on the globe. The ionospheric tomography that can
be obtained by their observation is often sufficient to avoid
the installation of other large and expensive equipment such
as ionosondes [5].

For all the above-mentioned reasons it is quite valuable
to have the possibility to implement monitoring stations for
GNSS signals at low cost and low complexity. In addition,
in many cases it is important to be able to record the event
and to playback the scenario, for deeper and refined analyses.
Events may be rare and the analysis in real time might not
provide sufficient information. For example, high latitudes
scintillations do not appear on a regular basis, being related to
the presence of solar storms. Furthermore, interesting events
are usually monitored from stations located in areas not easily
accessible and lacking of structured and robust infrastructures.
However, it is also recognized that the possibility to work
in the field, and to process the real signals looking at the
real threats, is extremely valuable also to corroborate the
theoretical results. Further benefits of recording raw data have
been outlined in [6]–[8].

The innovative aspect of this paper resides in the faithful
description of the SDR approach in the field of GNSS-based
environmental and threats monitoring, along with the design
and implementation of a real GNSS data acquisition station,
presented as a case study. Its objective is to show how these
monitoring stations can be a valid alternative to hardware
receivers, granting the same functionality, the same perfor-
mance level, while providing some added values. Section II
presents the SDR approach as a valuable tool for the design of
monitoring stations. Then, Section III gives a background on
ionospheric scintillation. The design and the implementation
of the monitoring stations is discussed in Section IV. The
results, presented in Section V, confirm the validity of the
SDR solutions proposed in this work. In the last section, the
conclusions are provided.

II. THE SOFTWARE-DEFINED RADIO APPROACH

The traditional way in monitoring nuisances due to iono-
spheric propagation envisages the use of professional com-
mercial hardware receivers such as Ionospheric Scintillation
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Fig. 1. Common architecture of a SDR-based GNSS data acquisition and
processing system.

Monitoring Receivers (ISMRs) [9]–[11]. Nonetheless, some
recent works consider SDR as a valuable, competitive and
cost-effective alternative for the design of monitoring stations
[3], [12]–[14]. SDR receivers are radio communication ar-
chitectures, made up of configurable hardware and software
blocks and performing advanced signal processing operations.
Dedicated hardware components are realized in software on
programmable platforms such as high-performance General
Purpose Processors (GPPs) [15]. With respect to commercial
GNSS receivers, in which only the storage of post-processed
data is possible, SDR receivers allow to access intermediate
and low level signal processing stages; therefore, in monitoring
devices, they offer to the user a larger subset of observables.
This fact leads to higher flexibility and re-configurability
and, in turn, enables the possibility to design and implement
innovative monitoring techniques and algorithm for mitigating
the impact of signal nuisances.

A. SDR architecture
The most common architecture of SDR-based data acqui-

sition and monitoring system is composed of an antenna, a
Radio Front-End (RFE) and a software processing unit, as
depicted in Fig. 1.

The RFE is in charge of signal conditioning and data
grabbing: it first amplifies and filters the analog signal coming
from the antenna to minimize out of band contributions; then
it down-converts the Radio Frequency (RF) signal to Interme-
diate Frequency (IF) or to baseband, in order to allow digital
conversion. An automatic Automatic Gain Control (AGC) can
be used to automatically adjust the signal dynamics, though
it is often not employed in the particular case of scintillation
and interference monitoring. At this point, the signal, still in
its analog form, is converted into digital samples, exploiting
an Analog-to-Digital Converter (ADC), and quantized. This
stream of digital samples is commonly denoted as GNSS raw
signal or raw IF signal, and has not to be confused with the I
and Q post-correlation samples, sometimes denoted raw data.
The raw signal is normally stored in memory as a binary
file, for later post-processing, or directly processed by a fully-
software receiver in real time. This last block is the actual stage
of the receiver which is SDR implemented: all the baseband
signal processing stages (e.g. acquisition, tracking, navigation
solutions, ionospheric indices computation) are implemented
in software, unlike in traditional hardware-based ISMR.

The availability of raw IF data related to interesting events
enables two key features:

• the possibility to develop advanced, innovative and ad-
hoc signal processing techniques, tailored to scintillation
impact mitigation;

• the possibility to the replay the original scenario, evalu-
ating the performance of different receiver configurations
and architectures, or even using different receivers.

This approach is valuable if the core structures of the data
collection system do not mask or modify the features of the
collected signals, assuring that the information on scintillation
is preserved. The SDR receiver, as well, has to grant the quality
of the monitoring at least at the level of what is considered
today state-of-the-art. The case study later introduced will
demonstrate that this two requirements can be matched, and
how this fact is of value in critical environments such as the
polar scenario, where compelling constraints are experienced.

III. OVERVIEW ON IONOSPHERIC SCINTILLATIONS

As GNSS signals propagate through Earth’s upper atmo-
sphere, they undergo severe propagation nuisances, such as
phase shifts, group delays and amplitude variations. Propaga-
tion of the GNSS signals through the ionosphere is indeed the
most severe and variable cause of errors in GNSS positioning
[10]. In fact, the upper atmosphere of the Earth, known as
ionosphere, presents a region particularly rich of free electrons.

In particular, the ionosphere at low and high latitudes is
particularly prone to irregular electron density concentrations,
due to geomagnetic storms and sub-storms occurring under
disturbed helio-geophysical conditions, which induce rapid
fluctuations in signal intensity (amplitude scintillation) and
phase jittering (phase scintillation) [16]. This kind of nuisances
cannot be empirically modeled and can have a serious impact
on the receiver tracking performance, inducing cycle slips,
phase errors and increased carrier Doppler jitter. The receiver
measurements can thus be heavily corrupted, resulting in
positioning errors of tens of meters or, in the most severe
cases, in complete outages due to Loss of Lock (LOL).
Such a threat has disruptive impact on sub-meter navigation
and precise positioning, which are needed for several critical
applications [17]–[19]. If on one hand the ionosphere is a
threat for the GNSS signals, by converse GNSS received
signals can be exploited to infer important information on the
ionosphere behavior. A detailed knowledge of these effects is
essential for modeling the ionosphere and predicting the short-
term behaviour without using ad-hoc installed infrastructures,
as well as for designing new generations of robust GNSS
receivers.

GNSS receivers are able to measure the amount of scin-
tillation affecting a satellite signal in both amplitude and
phase by making use of 50 Hz rate data from the tracking
processing blocks. Two indices, computed over an observation
interval of 1 minute, are employed for this end. Amplitude
scintillation is monitored by computing the S4 index, which
is the standard deviation of the received power as computed
from the prompt correlator samples normalized by its mean
value. Phase scintillation monitoring is achieved by computing
the σφ index, which is the standard deviation of the detrended
carrier phase measurements.

GNSS raw data acquisition systems and software receivers
have been successfully used for monitoring ionosphere in
Equatorial regions since few years [3], [20], [21].
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Fig. 2. GNSS raw IF data monitoring station architecture.

IV. MONITORING STATION DESIGN AND IMPLEMENTATION

A. Monitoring station architecture

The GNSS double frequency raw IF data acquisition system,
developed for scintillation monitoring in this work, is reported
in Fig. 2. It consists of the following equipment:

• a GNSS antenna, to capture the GNSS signal;
• an RF power splitter, to distribute the signal to different

devices (RFE and ISMR, used as a benchmark);
• a Low Noise Amplifier (LNA);
• a second RF splitter, used to separate the received signal

into the L1 and the L2 branches;
• a bit-grabber, made up by two Universal Software Radio

Peripheral (USRP) N210 devices, for acquiring L1 and
L2 bandwidths respectively [3], [22];

• a Rubidium atomic clock, providing a very accurate and
stable reference to the ADC within both USRPs, which
is required for reliable phase scintillation measurements;

• a Multiple Input Multiple Output (MIMO) cable, to
provide synchronization between the data stream of the
two USRPs and to propagate the atomic clock reference;

• an external processing unit, such as a personal computer,
used both to manage the storing of the GNSS raw
digital samples and to run the software receiver for post-
processing the GNSS signals.

• storage devices, such as external hard drives, to store the
raw IF data.

This modular approach makes the front-end extremely versa-
tile and flexible in term of configuration.

B. The bottleneck of data storage

Storage of raw IF samples is not an easy task, since it re-
quires large storage capabilities, which are either not available
or difficult to be deployed. As an example, 30 minutes of
double frequency raw data amount to:

S = fs ·Nbands ·Ns ·Q ·T
=

(
5 · 106

)
· 2 · 2 · (16/8) · 1800 = 72 GB

(1)

where:

Fig. 3. Comparison of the value of the scintillation indices for different
quantization levels.

• fs is the sampling frequency of the ADC, in samples per
second; in this case it is equal to 5 Msamples per second;

• Nbands is the number of frequency bands considered; in
this case it is equal to 2 (L1 and L2);

• Ns is the number of samples per instant; in this case it
is equal to 2 (I and Q sampling);

• Q is the number of quantization levels, or bit resolution,
i.e. of the number of bits necessary for the representation
of the digital signal, in bits per sample; in this case it
is equal to 16 bits per second, or 16/8 = 2 Bytes per
second;

• T is the total time considered; in this case it is equal to
half an hour (1800 seconds).

C. The quantization trade-off

It can be proved that the assessment of the scintillation
indices does not require a large number of quantization bits.
Raw GNSS data affected by strong scintillation, collected in
Presidente Prudente, Brasil, on March 25, 2015, between 20:55
and 22:00 local time (post-sunset) are considered. The original
data collection system was configured to store the signal with
a 16 bits resolution. Afterwards, the original signal has been
down-converted respectively to 8, 4, 2 and 1 bit exploiting a
software routine, and post-processed using the same software
receiver. The plot in Fig. 3 shows the S4 and σφ indices
of Global Positioning System (GPS) Pseudo-Random Noise
(PRN) 1, as computed by the software receiver on the raw
data. The figure clearly shows how, decreasing the number of
quantization bits, the loss with respect to the reference case
(16 bits) is negligible. In the case of S4, even just using a
single quantization bit the difference is less than 0.1; in this
case, the noise level is slightly increased. In the case of σφ,
the curves coincide.

Thus, looking at this result, it seems straightforward to
choose a 1-bit quantization level for SDR monitoring stations,
in order to save in storage mass. However, the limitation of
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TABLE I
LOCATION OF THE MONITORING STATIONS.

Station Latitude Longitude

Presidente Prudente 22◦ 07′ 19′′ S 51◦ 24′ 25′′ W
SANAE IV 71◦ 40′ 22′′ S 2◦ 50′ 26′′ W

such an extreme choice is that most of the information is lost
during the non linear quantization process. One of the main
advantages of storing the raw samples is indeed the possibility
to re-play the event. A strong limitation of the number of
quantization levels may reduce the fidelity of the re-played
scenario, sometimes introducing artifacts in the results. The
data collected can be, of course, post processed, but there is no
much room for the application of advanced signal processing
algorithms that either could highlight a less global information
such as the S4 is (averaged over long time windows) or could
make the data usable to re-play realistic scenarios.

Similar considerations can be drawn concerning the band-
width and the sampling frequency: although no relevant degra-
dation on the computation of the scintillation indices is expe-
rienced, the possibility of using higher sampling frequencies
improves the fidelity of the recorded signal to the physical
one.

D. The bottleneck of data transfer

A second problem is related to the data transfer. The
bandwidth resources available in any remote research station
do not allow transferring such amounts of data. The data can
only be moved physically transferring the hard drives on which
they are stored. The raw GNSS data will be then available for
post-processing only at the end of the campaign, when the
system will be disassembled and the hard drives physically
shipped back, or taking advantage of material that can be
transferred along the year from the stations. Nevertheless,
by exploiting a slow remote network connection, it will be
possible to run the software receiver on selected raw data
directly on the computer of the monitoring station, and then to
transfer only the results in a compact format which can cope
with the limited bandwidth available [23].

V. RESULTS

This section reports results obtained by exploiting the SDR
technology described in the paper. GNSS raw IF data affected
by scintillation events have been post-processed by means of
software receiver to compute the scintillation indices. Data
have been collected in the frame of two different projects: MI-
mOSA2 (Monitoring Ionosphere Over South America to sup-
port high precision applications) from March 23 to March 27,
2015, at Presidente Prudente (Brasil) [21]; and DemoGRAPE
throughout 2016, in the Antarctic stations SANAE IV (South
Africa) [24]. TABLE I reports the stations coordinates.

Figs. 4 and 5 report the results of the SDR-based re-
ceiver, plotted using a continuous line, for different PRNs
and for different constellations (GPS, Galileo). For the sake
of comparison, also the results obtained from a Septentrio
PolaRxS ISMR, considered as a benchmark, are reported,

Fig. 4. Amplitude scintillation index, 26 March, 2015 – USRP (continuous
line) vs. Septentrio (dashed line) at Presidente Prudente.

using a dashed line. The scintillation indices are computed at
a 1 minute interval; the cut-off frequency of the carrier phase
detrending filter is 0.1 Hz and C/N0 correction is applied
when computing the S4 index. No elevation angle masking
is applied at this stage. The good match between the curves
of the SDR and of the hardware receivers is a confirmation of
the validity of the software approach in monitoring ionosphere.

More in details, Fig. 4 depicts the S4 scintillation index
for a chunk of data collected at Presidente Prudente, at post-
sunset, 21.00 local time. The curves of three GPS satellites
are reported (PRN 1, 3 and 23). The plot shows that moderate
(0.4 ≤ S4 < 0.7) and strong (S4 ≥ 0.7) scintillations affect
all signals at different instants. While PRN 23 is affected by
amplitude scintillation for the whole data collection, relevant
effects can be observed for PRNs 1 and 3 starting at 21:14
and 21:35 respectively.

Fig. 5 reports the phase scintillation index for a chunk of
data collected at SANAE IV. In this case Galileo satellites are
reported, to prove the multi-constellation capabilities of the
SDR approach. In particular, the curves of the two different
implementations matches well in the presence of scintillation,
while differs slightly when no scintillation activity is present.
This mismatch is due to the different quality of the local
oscillators employed in the two receivers, and it is not relevant
for scintillation related studies.

Analog results, for different signals, bandwidths and con-
stellations can be obtained exploiting the same architecture,
by changing the grabber and receiver configurations. In [24]
and [25], the scintillation activities have been monitored by
processing GPS L1, L2C, L5 and Galileo E1bc, E5a signals.

VI. CONCLUSIONS

This paper described the design and implementation of a
monitoring station for satellite navigation signals based on
the SDR technology as an alternative to commercial hard-
ware receivers. Generally speaking, the main advantage is
indeed the high level of configurability and modularity of the
grabbing and post-processing phases, which makes SDR-based
systems flexible and tailored to the specific monitoring task.
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Fig. 5. Phase scintillation index, 20 January, 2016 – USRP (continuous line)
vs. Septentrio (dashed line) at SANAE IV station.

In addition, the availability of raw IF data enables deeper and
refined analyses of the GNSS signal and of the event under
monitoring.

Concerning the particular case of ionospheric scintillation,
it has been proven that SDR implementation grants the same
functionality and performance level of traditional equipment,
while offering several advantages. First, the user can configure
the parameters of the system and modify or replace the pro-
cessing algorithms, thus adapting the monitoring installation
to the requirements and resources available. The availability
of raw IF samples allows the re-play of particular scintilla-
tion events at RF and to test the performance of different
hardware receivers on the original scenario. At the same
time, IF data can be post-processed by means of customized
software receivers (e.g. higher order loops, innovative tracking
architectures, including those yet to be developed). Finally, it
represents a cost-effective solution.
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