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Abstract— We aim at contributing to the reliability of the phase
scintillation index on Global Navigation Satellite System (GNSS)
signals at high-latitude. To the scope, we leverage on a recently
introduced detrending scheme based on the signal decomposition
provided by the fast iterative filtering (FIF) technique. This
detrending scheme has been demonstrated to enable a fine-tuning
of the cutoff frequency for phase detrending used in the phase
scintillation index definition. In a single case study based on
Galileo data taken by a GNSS ionospheric scintillation monitor
receiver (ISMR) in Concordia Station (Antarctica), we investigate
how to step ahead of the cutoff frequency optimization. We show
how the FIF-based detrending allows deriving adaptive cutoff
frequencies, whose value changes minute-by-minute. They are
found to range between 0.4 and 1.2 Hz. This allows better
accounting for diffractive effects in phase scintillation index
calculation and provides a GNSS-based estimation of the relative
velocity between satellite and ionospheric irregularities.

Index Terms— Galileo, Global Navigation Satellite Systems
(GNSSs), ionosphere, ionospheric irregularities, iterative filtering,
modal analysis, signal processing algorithm, transform.

I. INTRODUCTION

THE reliability and accuracy of Global Navigation Satellite
System (GNSS) signals in space are threatened by the

presence of ionospheric irregularities. They are gradients of
electron density embedded in the ambient ionosphere, having
typical scale sizes ranging from centimeters up to a few
hundreds of kilometers. When a planar wave crosses such
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irregularities, fluctuations of both amplitude and phase of
the received signal at the ground may occur. The Fresnel’s
filtering mechanism (see [1]–[3]) defines the nature of such
fluctuations. Such mechanism makes the Fresnel’s scale, being
of the order of a few hundred meters for GNSS signals,
the fine line between irregularities driving purely refractive
fluctuations and those triggering mostly diffractive fluctua-
tions. Specifically, above Fresnel’s scale the variation of the
refractive index of the ionosphere results in refraction. In this
frequency range, the stochastic component of ionospheric
effects driven by large-scale and medium-scale structures can
be efficiently monitored by using the rate of total electron
content (TEC) change index (ROTI), as recently demonstrated
by Rino et al. [4]. Conversely, below the Fresnel’s scale, both
diffractive and refractive effects occur. Diffraction is due to
the fact that small-scale irregularities behave like wave sources
[5], resulting in stochastic fluctuations of the received signal
at the ground [1].

Currently, an unambiguous definition of phase scintillation
is still missing. In [4], phase scintillation is defined as the
“residual after extraction of structure that followed the TEC
1/ fc frequency dependence.” This definition does not make
direct use of the standard deviation of the detrended phase of
the received signal, as historically introduced by early works
on scintillation and routinely monitored through σ� index by
ionospheric scintillation monitor receivers (ISMRs) (see [6],
[8]). Because of the need of a phase detrending, the use
of σ� implicitly requires a definition of the phase scintilla-
tion based on the frequency content, while the definition by
Rino et al. [4] leverages on the frequency dependence. It is
out of the scope of this letter to revise and compare the
two definitions, even if some considerations are provided in
the conclusions section. Bearing this in mind, we adopt the
definition based on the frequency content and we base this
work on some recent literature (see [9]–[11]), which tends to
call “ionospheric scintillation” only those phase and amplitude
fluctuations due to small-scale irregularities. Those are the
most challenging threats to GNSS-based positioning services
(see [12], [13]). The scintillation is usually quantified through
the amplitude and phase scintillation indices, termed S4 and
σ�, respectively [14]. The former is the standard deviation
of the normalized signal intensity, while the latter has been
defined above.

This work is framed into the recent efforts made by the
community to find a proper detrending scheme aimed at
serving both science and application. In this context, we aim
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at identifying the optimal cutoff frequency νc for the retrieval
of a σ� which ideally includes only the diffractive portion
of the signal phase fluctuations, i.e., the scintillation. This
has been demonstrated to be crucial to correctly estimate
the ionospheric impact on GNSS data particularly at high-
latitude, where the commonly adopted value of 0.1 Hz
(see [9]–[11], [15]–[18]) results inappropriate. In the specific,
we aim at stepping ahead of what was recently introduced by
Ghobadi et al. [10]. In this work, a detrending scheme based
on the use of the fast iterative filtering (FIF) technique (see
[19], [20]) was demonstrated to be effective in providing an
adaptive value of the cutoff frequency for each considered
radio link. By considering one of the case events analyzed in
[10], we demonstrate that the detrending scheme can be further
improved by making it adaptive not only per each satellite, but
also per epoch, to investigate the temporal variability of the
cutoff frequency. This to account for the different nature and
features of the ionospheric irregularities that each ray path
crosses. In this letter, we prove on a single case event how
the FIF-based detrending is able to improve the reliability
of the σ�, tuning the disentanglement of the bulk of the
refractive effects from phase measurements on a minute-by-
minute basis. Such evaluation of νc = νc(t) also enables
an estimate of the relative velocity between satellite and
ionospheric irregularities.

II. DATA AND METHOD

We leverage on the Galileo E01 data (E1 and E5a fre-
quencies) recorded by an ISMR located in Concordia Station
(Antarctica, 75.10◦ S, 123.33◦ E) and owned by the Istituto
Nazionale di Geofisica e Vulcanologia, Rome, Italy [7]. Such
ISMR is a Septentrio PolaRxS [8], which records the raw
phase and postcorrelation I and Q samples acquired at 50 Hz.
Considered E01 data are the same investigated in [10], i.e.,
those recorded between 14:45 and 15:15 UT of September 8,
2017. In this range, the effects of small- and large-scale
irregularities on the signal fluctuations concur and a value of
νC = 0.73 Hz has been determined in [10]. Such irregularities
are likely generated by the intense geomagnetic storm that
occurred in early September 2017 [21]. Here, we remind that
FIF is able to decompose any nonstationary nonlinear signal
s into oscillating modes (intrinsic mode components, IMCs)
characterized by their own frequency ν

s =
NIMC∑

i=1

IMCi (ν) + res (1)

in which NIMC is the total number of found IMCs and res is
a residual, that is discarded.

The convergence and stability of FIF was recently proved
[23]. We strongly rely on the physical meaning of the
modes/frequencies found by FIF to draw the multiscale prop-
erties of the ionosphere and exactly identify the Fresnel’s
frequency νF, which is assumed to be the right cutoff frequency
to adopt [16]. For our purposes, we use the same results of
the FIF decomposition defined by [10, eq. (8)] on the selected
data chop.

The FIF-based detrending scheme relies on the power
spectral densities (PSDs) of the raw phases (E1 and E5a
Galileo signals) and of the corresponding ionosphere free
linear combination (IFLC). The IFLC is defined as follows:

IFLC = �1 f 2
1 − �2 f 2

2

f 2
1 − f 2

2

(2)

in which �1 and �2 are the phases of the first ( f1) and second
( f2) central frequencies, respectively. In our case, the first
central frequency is E1 (1575.42 MHz) and the second is E5a
(1176.45 MHz).

The PSD is obtained by considering the relative energy Erel

of all IMCs [10], according to the following formula:

Ek
rel

(
ν∗) = < IMC2

k(ν
∗) >

<
∑NIMC

i=1 IMC2
i (ν) >

(3)

in which k is the index indicating the IMC having
frequency ν∗.

The frequency at which the PSD of the IFLC goes below the
phase PSD is assumed to be the right cutoff frequency to adopt.
This is because, by definition (“iono-free”), IFLC accounts
for the dependence of the deterministic ionospheric refractive
effects, while stochastic ones do not present such dependence.
In addition, the PSD of the signal amplitude is used as a mean
of verification, as its peak identifies the Fresnel’s frequency
[5]. We remind the reader that PSD slightly depends on the
type of receivers (bandwidth of the phase lock loop, type
of oscillator and corresponding noise, the firmware, etc.).
However, the technique can be universally applied because,
despite the shape of PDSs may slightly change by changing the
receiver, the crossing point among them would (significantly)
not. The only caveat of the technique is due to the fact
the colored noise may mimic scintillation spectra and affect
the proposed technique. Thus, scintillation should be first
identified in amplitude, to limit the possibility of misidentified
“phase scintillation” due to phase-locked loop colored noise.

In our analysis, we consider the PSDs of raw phase, ampli-
tude, and IFLC as obtained by windowing the IMCs of each
time series into subsets of �t = 1 min each (corresponding
to 3000 raw samples), to retrieve then a value of νC that
varies with time. Regarding this windowing, here we recall
that, differently from standard signal processing methods, FIF
allows to first decompose the entire signal and then study them
locally, avoiding any issue related to the Gibb’s phenomenon at
the boundaries. By considering 1-min intervals, we implicitly
assume that the ionospheric irregularities spanned by the ray-
path in such a time window do not change their stochastic or
deterministic nature. What we do not know a priori is whether
3000 samples are enough to provide a robust estimation of
the PSDs, fulfilling the proposed detrending scheme. Bearing
this in mind, σφ can be calculated by considering, for each
interval �t , the standard deviation of the detrended phase
�detr, defined as �detr(�t) = ∑

i IMCν≥νc(�t)
i (�t), in which

the sum is intended on all the IMCs having ν ≥ νc(�t), where
νc(�t) indicates the time-varying cutoff frequency.

The mean to verify the improvement with respect to the
fixed cutoff is to observe the correlation of σφ with S4, that
must be better in the case of adaptive cutoff [10]. The higher
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Fig. 1. Two examples of 1-min relative energy for phase (black) and
amplitude (blue) at E1 frequency and of IFLC (red) based on E1 and E5a
frequencies. (a) Minute ending at 14:55 UT. (b) Minute ending at 15:07 UT,
while the orange dashed line indicates the value of νC (also given in the text
box on the top).

the correlation, the more efficient is the inclusion of the
stochastic effects coming mainly from diffraction effects in
the σφ determination [15].

From the retrieved time series of νc, we are also able
to provide an estimate of the absolute value of the rela-
tive velocity Vrel between the irregularity velocity and the
ionospheric pierce point (IPP) velocity [16], through the
relation Vrel = νF · dF, where we assume νC ≡ νF and we
consider the far-field geometry and single-thin layer (located
at 350 km) approximations. According to this, the Fresnel’s
distance is dF = (2λD)1/2, where λ is the wavelength and
D is the distance between the receiver and the IPP at the
ionospheric thin layer (350 km). Bearing this in mind, we
remind also that, if not properly evaluated, σφ has a strong
dependence on the plasma convection [22]. The order of
magnitude of the speed of such convection is provided by Vrel.
This strong dependence is actually due to the fact that, if σφ

is calculated with the traditional approach, it depends on the
difference between 0.1 Hz and the Fresnel’s frequency, which
is conversely dependent on the plasma convection velocity.

III. RESULTS

Fig. 1 shows two examples over the 30 retrieved for the case
event. Each example presents the relative energy of IMCs for
the phase and amplitude of E1 frequency and for the IFLC
(E1 and E5a). They refer to the minute ending at 14:55 and
15:07 UT, respectively. In both (as in all the considered PSDs,
not shown for brevity reason) examples, the crossing point
between the phase and the IFLC spectra is indicated with an
orange dashed line. The identified value of νc is also reported
in a textbox inside each figure. As expected, in both cases the

Fig. 2. Time profile of νc (black) and of the corresponding value of Vrel
(orange). The black dashed line indicates the value of 0.73 Hz found in [9].

value of νc is found in the vicinity of the peak of the amplitude
spectrum. This indicates that 3000 samples are enough to build
the spectra and identify the cutoff frequency. In the considered
examples, the values (0.83 Hz and 0.56 Hz) are different from
the fixed value at 0.73 Hz determined in [10] and are again
significantly larger than 0.1 Hz, value traditionally adopted to
derive σφ .

Fig. 2 shows the time profile of the cutoff frequency νc

over 30 min, as retrieved by considering 30 spectra, one for
each 1-min interval, separately. The values vary in a quite
broad range, i.e., between 0.4 Hz and 1.2 Hz, and are spread
around 0.73 Hz (black dashed line in Fig. 2) found in [9].

This is somehow expected, because of the highly dynamical
environment featuring the polar cap ionosphere during the
selected interval. It is also confirmed by looking at the
corresponding time profile of the relative velocity Vrel between
irregularity and IPP velocities, reported in orange in Fig. 2.
The values of Vrel range between 200 and 550 m/s, whose
order of magnitude fits with what expected for high-latitude
convection speeds.

Fig. 3 shows the following.

1) The time profile of σφ , in red, calculated by considering
the time-varying values of νc(�t), reported in Fig. 2.

2) The time profile of σφ , in black, calculated by using the
fixed value νc = 0.73 Hz, as in [10].

3) The time profile of the 1-min S4, in blue, corrected for
the impact of the thermal noise as per [6, eq. (13)].

Both fixed and adaptive cutoff frequencies result in the deter-
mination of a phase scintillation index in good agreement
with S4.

However, as our aim is the provision of a value of σφ

that includes as much as possible the sole stochastic part
of the ionosphere-driven effects, we deeper investigate its
correlation with S4, as the latter accounts only for diffractive
(stochastic) effects. With this aim, Fig. 4 shows the correlation
between S4 and σφ calculated by using both the fixed cutoff
frequency νc = 0.73 Hz (black) and the adaptive cutoff
frequency νc(�t) (red). In Fig. 4, also the linear fits and the
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Fig. 3. Time profile of S4 (blue), of σ� calculated by using a fixed value
of νC = 0.73 Hz (black) and by using a variable cutoff frequency (red).

Fig. 4. Correlation between S4 and σ� as calculated by using a fixed value
of νC = 0.73 Hz (black dots) and by using a variable cutoff frequency (red
dots). The solid lines indicate the linear fit whose R2 is also reported.

corresponding coefficients of determination R2 are provided.
As described in [10, Table 4], the use of the fixed cutoff
frequency at 0.73 Hz improves the correlation with respect
to the standard cutoff frequency at 0.1 Hz, by raising the R2

from 0.71 to 0.86. The use of the adaptive cutoff frequency
enables further improvement of the correlation, raising this
time the coefficient of determination up to 0.92. This confirms
that the use of the adaptive cutoff frequency allows retrieving
a more reliable value of the phase scintillation index, in terms
of its capability in providing information about the stochastic
portion of the ionospheric effect, mainly of diffractive origin.
According to Fig. 4, the spread around the linear fit is reduced
especially in the S4 range between 0.1 and 0.35. Such spread,
should provide a measure of the stochastic effects induced
by refraction and triggered by processes occurring above the
Fresnel’s scale.

IV. CONCLUSION

We prove, on the basis of a single case study, how the
use of an adaptive evaluation of the cutoff frequency for
phase detrending is able to improve the determination of
the phase scintillation index. This in view of providing an
index that accounts only for the most disruptive effects on
the phase of GNSS signals, i.e., those due to the stochastic
effects triggered by small-scale irregularities. The detrending
scheme is based on the use of the FIF signal decomposition
technique and improves a similar scheme, presented in [10].
That scheme has improved the cutoff frequency determination
by providing a fixed cutoff frequency for each satellite. The
use of a fixed cutoff frequency for a ray-path that spans a
large portion of the ionosphere is, however, not suitable to
account for the different ionospheric conditions crossed by the
GNSS signal, especially under stormy conditions. With this
aim, we propose to compute a time-varying adaptive cutoff
frequency. We investigate the scintillation event on Galileo
E01 signal recorded in the polar cap ionosphere over Con-
cordia Station (Antarctica) during the September 2017 storm.
We demonstrate that the use of 1 min of raw data taken at
50-Hz sampling rate is sufficient to feed the FIF algorithm
and then to derive reliable spectra for the cutoff frequency
determination. Such data chop is also enough to cover a single
ionospheric sector and to account for the very large spatial and
temporal variability of the polar cap ionosphere.

Further studies are needed for the statistical assessment of
our results which can enable real-time implementation of the
proposed detrending scheme in the next generation of scintil-
lation receivers and dedicated infrastructures [24]. In addition,
the technique can be also used on shorter time windows (e.g.,
10 s) to account for shorter variations that are driven by sudden
events or occurring in the high-latitude ionosphere (see [25],
[26]).

As a concluding remark, we remind here that this study is
based on two hypothesis: 1) the definition of phase scintillation
based on the frequency content and not on the frequency
dependence [4] and 2) the assumption that IFLC is able
to account for all refractive fluctuations triggered by the
ionosphere. If (2) is satisfied, the two definitions of scintil-
lation coincide. As discussed in [4], this is the case for weak
to moderate scintillation conditions that result in single phase
screen approximation. When wave scattering through multiple
phase screens is present, the two definitions diverge because
stochastic fluctuations from medium and large scale irregular-
ities are found [4] and IFLC is not completely effective in
accounting for variations driven by the irregularities of such a
scale. While Rino et al. [4] present a preliminary assessment of
the impact on positioning in terms of TEC error, a thorough
assessment of the phase scintillation impact, defined in the
different reported ways, is still missing in the literature and
worth to be further investigated. In this work, we aimed at
showing also the limitations on the use of σφ , which include,
beside the selection of a proper cutoff frequency for phase
detrending, also a strong link with the receiver features. This
to advise about an index that is still widely used in the
community, both to characterize the features of ionospheric
irregularities and to adopt mitigation solutions.
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