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Abstract

Rapid and sudden fluctuations of phase and amplitude in
Global Navigation Satellite System (GNSS) signals due to
diffraction of the ionosphere phase components when sig-
nals passing through small-scale irregularities (less than
hundreds meters) are commonly so-called ionospheric scin-
tillation. The aim of the paper is to analyze the imple-
mentation and compare the performance of different phase
detrending algorithms to improve scintillation monitoring.
Three different phase detrending methods, namely, three
cascaded second-order high pass filters, six order Butter-
worth filter conducted by cascading six first-order high pass
Butterworth filters, and Fast Iterative Filter (FIF) are con-
sidered in this paper. The study exploits real GNSS signals
(GPS L1, Galileo E1b) affected by significant phase scintil-
lation effects, collected in early September 2017 at Brazil-
ian Centro de Radioastronomia e Astrofisica Mackenzie
(CRAAM) monitoring station and at Adventdalen (Sval-
bard, Norway) research station. In this study, a software-
defined radio (SDR) based GNSS receiver is used to pro-
cess GNSS signals and to implement the aforementioned
detrending algorithms.

1 Introduction

The varied range of irregularities from centimeters up to
few hundreds of kilometers in the ambient ionosphere with
respect to the plasma drift velocity impose perturbations on
Global Navigation Satellite System (GNSS) signals. The
nature of the perturbation depends on the typical scale of
the irregularities and on their dynamics. The threshold
separating small and large scale irregularities is given by
the Fresnel’s scale. Irregularities having scale sizes above
the Fresnel’s scale result into refractive effect of the trans-
ionospheric signals, because of the variation of the refrac-
tive index of the ionosphere. Below the Fresnel’s scale, re-
fractive and diffractive effects concur. The latter are due to
the fact that, when crossed by the plane-wave, small-scale
irregularities act as new wave source, resulting into an in-
terference pattern when received at ground [1].

The ionospheric component of the phase equation can be

represented by both a refractive component (determinis-
tic), and a diffractive component (stochastic) [2]. Only the
fluctuations due to diffractive effects are termed "scintilla-
tions" [2, 3]. In order to quantify and characterize the phase
scintillations, phase scintillation indices computed from the
phase of the received GNSS signals are used. The necessity
for detrending the phase arises from the need of including
only the high-frequency fluctuations due to diffraction in
the phase scintillation index. Furthermore, precise estima-
tion of the scintillation intensity under the effects of error
sources (e.g. thermal noise, oscillator noise, etc.) is im-
portant for scintillation monitoring applications, hence the
design of the detrending filter gains importance to estimate
the scintillation indices.

Generally, most GNSS receivers designed for the purpose
of ionospheric scintillation monitoring use designed high
pass filters or Butterworth filters with a fixed cutoff fre-
quency of 0.1 Hz to remove low frequency trends from
the data [4]. Moreover, filtering techniques such as cas-
caded high pass filters and Butterworth filters are based on
classical time-frequency analysis where they need a pri-
ori assumptions, and uncertainty principle is another obsta-
cle. However new filtering techniques such as Ensembled
Empirical Mode Decomposition (EEMD) and those imple-
menting the iterative filtering (like the Adaptive Local It-
erative Filtering (ALIF) [5] and the Fast Iterative Filtering
(FIF) [6]) do not deal with these issues.

In this study, leveraging on the capability of three differ-
ent detrending approaches, namely, three cascaded second-
order high pass filters, six order Butterworth filter con-
ducted by cascading six first-order high pass Butterworth
filters, and Fast Iterative Filter (FIF), we analyze scintilla-
tion events through collected real GNSS signals (GPS L1
and Galileo E1b) for several satellites affected by signif-
icant phase scintillation effects. We select FIF, because
(1) IF-family techniques have been proven to overperform
EEMD for the time-frequency analysis of a non-stationary
signal [7] and (2) FIF convergence and stability have been
mathematically proven [6].

We exploit the datasets collected in early September
2017 at Brazilian Centro de Radioastronomia e Astrofisica



Mackenzie (CRAAM) monitoring station and at Advent-
dalen (Svalbard, Norway) research station. Although in-
herent characteristics of the ionospheric effect at different
regions require different detrending settings, the standard
cut-off frequency 0.1 Hz is set for the phase detrending in
this paper. We are aware that such choice is not suitable for
high-latitude data [2, 8] but the purpose of this work is the
comparison of the filtering methods and not to optimize the
cutoff selection.

The paper is organized as follows. In Section 2, we in-
troduce the phase detrending methods. In Section 3, per-
formance analysis of the methods are discussed. Finally,
Section 4 draws conclusion.

2 Phase Detrending Methods

Phase scintillation monitoring is achieved by computing the
0y index that corresponds to the standard deviation of the
detrended phase measurements [9]:

05 =/ (#%)7 — (@)F, (1)

where @ is the detrended phase measurement that can be
obtained by processing the carrier phase measurements
through the filters. (-); is the average operation over a fixed
period T which generally denotes a 1-min average [9].

In the following subsections, the phase detrending methods
are summarized.

2.1 Cascaded High Pass Filters

In this phase detrending algorithm, the phase measurements
are passed through three cascaded 2"¢ order high pass fil-
ters (HPFs), and all low-frequency effects are removed [10].
The filter form is as shown in Fig. 1.
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Figure 1. Cascaded HPF design for phase detrending.

Each stage filter has a form in the s-plane [10]:
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where fy = @y/(27) is the filter’s corner frequency in
Hz. «;, o, and o3 are the coefficients, the product
H(s)H>(s)H3(s) makes up the frequency response of the
high-pass filter.

An interested reader can find more information related to
the selection of the coefficients and cutoff frequency in [10].

2.2 Butterworth Filter

In another detrending method, described in [4] is based on
the use of a Butterworth filter that can be implemented by
cascading six 1% order high-pass Butterworth filters, each
with a cutoff frequency fc/ as depicted in Fig. 2.
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Figure 2. Block diagram of Butterworth filtering for carrier
phase data.

The equivalent cutoff frequency cutoff frequency of each
filter is computed by [11]:
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where N is set to 6 in our case and setting f, = 0.1 Hz, itis
obtained that f, = 0.035 Hz.

The selection of 0.1 Hz is proposed in [10] and the moti-
vation behind cascading a number of lower-order high-pass
Butterworth filters instead of employing one higher-order
filter is to overcome the problem of phase shift between in-
put and output [4, 11].

2.3 Fast Iterative Filter (FIF)

FIF is a new detrending technique that is based on the de-
composition of a non-stationary nonlinear signal into func-
tions named Intrinsic Mode Components (IMCs), each of
them characterized by its frequency v:

Niye
s= IMC;(v) +res. 4)
i=1
where Njpyc is the total number of IMCs and res is the
residual that is discarded in our analysis. FIF inherits its
algorithmic structure from Empirical Mode Decomposition
(EMD) technique but with a stronger mathematical basis
that ensures the convergence and stability of the algorithm
[6]. Moreover, in [7], a detailed comparison of alternative
techniques, namely, Fourier, wavelet, EEMD, and adaptive
local iterative filtering (ALIF), for the time-frequency anal-
ysis of non-stationary signals is presented.

The cutoff frequency will be set in the equation below:

Puerr(A1) = Y IMC;=" (A1) ()

where v, is the cutoff frequency, hence for time interval At
between fy and 79| minute and detrended phase (@), the
value of 6y will be computed using the phase detrended as
in (4).



3 Test Results

Throughout our analysis, a software-defined radio (SDR)
based GNSS receiver is used to post-process raw sam-
pled GNSS data and to implement the aforementioned de-
trending algorithms in the previous section. The datasets
collected at Svalbard (78.169°N, 15.993°E) and CRAAM
(71.673°8S, 2.841°W) monitoring stations are processed and
they show different inherent scintillation characteristics due
to the different regions.

Fig. 3 and 4 show the computed phase scintillation indices
for GPS L1 signals broadcast from satellites PRN-6 and
PRN-9 on September 8, 2017, in Svalbard. As it can be
noticed starting around 18:40, there is a sharp increase in-
dicating meaningful phase fluctuations.
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Figure 3. GPS L1 PRN-6 phase scintillation index (oy) —
September 8, 2017, Svalbard.
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Figure 4. GPS L1 PRN-9 phase scintillation index (oy) —
September 8, 2017, Svalbard.

As it can be seen in Fig. 5 and 6, at the same time on
September 8, 2017, the computed scintillation indices for
Galileo El signals broadcast from satellites PRN-4 and
PRN-19 indicate the event featured by meaningful phase
fluctuations as well. For both GPS and Galileo signals, it is

observed the computed o, follows the same trend in all de-
trending methods, and FIF could be evaluated as a reliable
technique.

Phase Scintillation Index - Galileo E1b - PRN 4

== Cascaded HPF
== Butterworth Filter
0.8 - == FIF

0.6 -

% (rad)

0al /A
M

02- &
0 . . . .
18:35 18:40 18:45 18:50 18:55 19:00
Time UTC - September 08, 2017

Figure 5. Galileo E1 PRN-4 phase scintillation index (o)
— September 8, 2017, Svalbard.
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Figure 6. Galileo E1 PRN-19 phase scintillation index (0)
— September 8, 2017, Svalbard.

After having compared the performances of different de-
trending methods under the event that occurred in high lati-
tude region, we also analyze the dataset collected in Brazil.
However, it has to be noted that no relevant amplitude scin-
tillation is detected in agreement with the typical behavior
of the polar ionosphere in Svalbard [12]. Furthermore, in
the datasets collected at the CRAAM monitoring station, it
is observed that phase scintillation is accompanied by am-
plitude scintillation.

Fig. 7 shows the computed phase scintillation indices for
the dataset collected on September 13, 2017, at the Brazil-
ian CRAAM monitoring station. It indicates that phase
scintillation occurred starting from 02:15 as denoted by the
sharp increases in the indices. By processing raw sampled
GPS L1 signals that are broadcast from PRN-10 satellite
experiencing strong and moderate phase scintillation, the
performance of the detrending methods is compared. As
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Figure 7. GPS L1 PRN-10 phase scintillation index (o) —
September 13, 2017, Brazil.

it can be seen, the results are in parallel with the ones ob-
served in the first dataset.

4 Summary and Conclusions

This work is a comparative study on different phase de-
terending techniques for ionospheric scintillation events in
high and low latitudes in September 2017. Two filtering
techniques, namely, three cascaded second-order high pass
filters and six order Butterworth filter conducted by cascad-
ing six first-order high pass Butterworth filters for scintil-
lation analysis compared to a new filtering technique so-
called FIF. The experiments show that FIF is a reliable de-
trending technique for the ionospheric phase scintillation
estimation. The technique performs better if the prepro-
cessing step is manipulated adequately and the cutoff fre-
quency is set efficiently. Therefore an adaptive method shall
be developed to adapt the technique to widespread data and
to increase the FIF’s performance. This open discussion
may handle ionospheric scintillation monitoring service to
a real-time approach.
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