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1. Introduction 

Ionospheric scintillation refers to the rapid fluctuations in the 
intensity and phase of radio signals, including those transmit-

ted by global navigation satellite systems (GNSSs). As these 
signals travel, they encounter irregularities in the electron dis-
tribution in the ionosphere, which cause refraction and/or 
diffraction effects. This disruption negatively affects the per-

formance of communication and navigation systems that rely 
on satellite signals. Scintillation leads to an increased level of 
noise in GNSS signals and can even cause receivers to lose a 

lock on tracking these signals or make them difficult to 
acquire. Consequently, addressing scintillation has become a 
significant concern in the field of navigation.1,2 Correcting or 

mitigating the effects of scintillation is currently a crucial chal-
lenge for achieving precise GNSS navigation.3,4 

To measure scintillation using GNSS observations, it is first 

necessary to isolate the high-frequency fluctuations caused by 
the ionospheric delay experienced by the GNSS signal. This 
separation can be achieved by applying a high-pass filter 
(HPF), such as the sixth-order Butterworth filter with a typical 

cut-off frequency of 0.1 Hz.5 However, certain effects such as 
cycle slips (CSs) in the carrier phase measurements or clock jit-
ter may persist, producing high-frequency fluctuations even 

after the application of an HPF, which must be eliminated 
or mitigated before HPF application. Various techniques can 
be employed for this purpose, including the use of open-loop 

receivers,6 gathering data at a high frequency ( 50 Hz), or 
synchronising the receiver clock with a highly stable external 
clock. 

Ionospheric scintillation monitoring receivers (ISMRs) are 

equipped with special firmware designed to process GNSS sig-
nals under disturbed ionospheric conditions using the afore-
mentioned techniques. This enables direct monitoring of 

high-frequency fluctuations in GNSS signals caused by elec-
tron density gradients in the ionosphere. ISMRs produce sev-
eral scintillation indices that can be used to quantify the 

impact of the scintillation activity on GNSS signals. 
The standard deviation of the signal power, normalised by 

its mean, is defined as the amplitude scintillation index S4:
5,7 

S4 

SI2 SI 
2 

SI 
2 

1 

where SI represents the signal intensity. S4 is generally com-
puted over a period of one minute. 

The standard deviation of the detrended carrier phase is 

defined as the phase scintillation index, ru: 
8 

ru u2 u 2 2 

where u denotes the detrended carrier phase measurement 
after having applied an HPF. This index, which is typically cal-
culated over 1 min, measures the carrier phase fluctuations 
caused by ionospheric irregularities. Unlike signal amplitude 
fading, these fluctuations can manifest themselves in the pres-
ence of large-scale irregularities.9

Juan et al. introduced the geodetic detrending (GD) 

method.10 GD involves the accurate modelling of the nondis-
persive (geodetic) effects of GNSS signals, accounting for 
satellite and receiver clock fluctuations. This approach also 

enables the detection of small CSs that commonly occur in 
measurements obtained using conventional receivers under 
scintillation conditions. Consequently, GD facilitates the isola-

tion of ionospheric delays and their high-frequency fluctua-
tions in a manner similar to that of ISMRs. Subsequently, 
the remaining low-frequency components in the signals can 
be removed using an HPF.11 

The GD technique applied to geodetic GNSS receivers, 
such as those used in the International GNSS Service (IGS) 
network, has been introduced, and its performance has been 

assessed and validated in several previous studies.4,10,12,13 

Therefore, the objective of this study is to present a feasibility 
analysis of the performance of low-cost GNSS receivers for 

scintillation monitoring based on the same GD methodology 
for the derivation of scintillation indices as in our previous 
studies, following a similar methodology for performance eval-

uation.10,12,13 Low-cost receivers are expected to have higher 
thermal noise that could be misinterpreted as scintillation. 
Therefore, the main goal of this study is to establish a mini-
mum threshold for scintillation detection using such devices. 

This is accomplished by analysing their performance during 
periods of no scintillation activity and verifying that the values 
of the reported scintillation indices are low enough not to 

result in false scintillation detections. In this respect, the min-
imum threshold constrains the upper range of the values of the 
corresponding scintillation index in the absence of fast fluctu-

ations in the ionospheric electron density. Therefore, index val-
ues above this threshold would only be produced by the 
presence of rapid fluctuations in the ionosphere, so the thresh-
old is a lower limit of the index values that can be attributed to 

ionospheric scintillation affecting GNSS signals. 
In the present study, the outcomes derived from two low-

cost devices, Septentrio Mosaic X5 and UBLOX ZED-F9P, 

were compared with the results obtained using several geodetic 
receivers manufactured by Septentrio that are commonly 
found in IGS networks. These low-cost devices have been pre-

viously recommended for GNSS applications.14,15 Finally, the 
performance of a low-cost receiver under scintillation is illus-
trated by presenting an example of the results obtained from 

a UBLOX receiver located in a low-latitude region. 
The comparison between low-cost and geodetic receivers 

has been focused on the conventional scintillation indices, S4 

and ru, derived from each type of device. However, the 

geometry-free (GF) combination of two GNSS signals of dif-

ferent frequencies from geodetic receivers is also a common 
detrending strategy used to monitor ionospheric activity con-
sidering the rate of total electron content index (ROTI).16,17

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Therefore, the present study addresses the limitations of using 
the GF combination to characterise ionospheric fluctua-
tions,11,17 highlighting the advantages of an approach based 

on uncombined carrier phase measurements. 
The final objective of the present feasibility study is to 

develop a cost-effective alternative for assessing ionospheric 

scintillation and total electron content (TEC) using affordable 
GNSS receivers. This lays the groundwork for an ionospheric 
monitoring system that would be characterised by its ease of 

deployment and operation worldwide, with a significantly 
reduced cost compared to highly specialised and expensive 
alternatives, such as ISMRs or high-grade geodetic devices. 

2. Methodology 

The GD technique has been presented and assessed in previous 

studies,10,12 and the same methodology was applied in the pre-
sent study. Therefore, in this section, the description of the 
technique is limited to specific aspects of interest for subse-
quent analysis. 

The methodology applied in the GD technique consists of 
modelling or calculating all non-dispersive effects (i.e., geode-
tic) as accurately as possible to detrend the carrier-phase mea-

surements from GNSS satellites recorded at intervals of 1 s. 
For this study, post-processed products for satellite orbit and 
clock corrections from the IGS were used. Precise products 

for troposphere delays were also taken from the IGS in the 
case of measurements from receivers belonging to that network 
(see Table 1). By contrast, for the receivers located at the 
Universitat Politè cnica de Catalunya (UPC) premises, the ver-

tical zenith path delay and the precise coordinates were calcu-
lated by performing precise point positioning processing. For 
the IGS receivers, precise coordinates and antenna phase cen-

tre corrections were obtained from the IGS products in the 
standard SINEX and ANTEX formats. Relativistic, wind-
up, tides, and ocean loading effects were modelled according 

to standard formulas.18 Finally, after removing the previous 
terms from the carrier phase measurements of two different 
frequencies, the receiver clock offsets per second were calcu-

lated following a method based on the use of the ionosphere-
free (IF) combination of the detrended carrier phase residuals 
from the two different GNSS signals processed in the previous 
step of the GD.10,12 

Fast fluctuations in the receiver clock must be accurately 
calculated to remove them from carrier-phase observations. 
Receiver clock fluctuations can introduce fast variations in 

the detrended carrier-phase residuals, giving rise to high values 
of the phase scintillation index that are not related to scintilla-
Table 1 Receivers used in present study. 

Receiver ID Country Receiver type 

(approximate price) 

UPC1 Spain Septentrio MOSAIC-X5 (0.6 k€
UPC2 Spain Septentrio POLARX5E (10 k€)
UPC3 Spain UBLOX ZED-F9P (0.2 k€)
KOS1 Netherlands Septentrio POLARX5E (10 k€)
DYNG Greece Septentrio POLARX5 (10 k€)
tion or ionosphere variability. GD processing calculates the 
receiver clock offset at the same sampling time interval as 
the carrier-phase observations, that is, 1 s in this study. In this 

respect, the most relevant feature observed in the receivers 
listed in Table 1 is the existence of regular-leap millisecond cor-
rections that are automatically applied to the internal clock of 

the Septentrio Mosaic X5 low-cost receiver UPC1 approxi-
mately every 25 min and to the UBLOX device UPC3 approx-
imately every 15 min. Despite this, the GD method can 

properly model the time evolution of the clock offsets. An 
example of short-timescale fluctuations of the clocks in the 
receivers listed in Table 1 is shown in Fig. 1. In this figure recei-
ver clock fluctuations (in meters) were obtained from the GD 

after removing a linear fit to the clock offsets. The offsets were 
calculated using all satellites in view of each receiver. Results 
are shown during a time interval of 700 s from day of year 

(DoY) 195 in 2023. The zoomed-in graph in the bottom left 
side illustrates in greater detail the magnitude of the fluctua-
tions of the UBLOX clock after the clock steering. As shown 

in Fig. 1, the clocks from the geodetic receivers may have fluc-
tuations ranging from centimetres to several decimetres in 
short time periods, whereas the geodetic receiver UPC2 shows 

only slightly larger fluctuations than the clocks in the IGS 
receivers KOS1 and DYNG. Conversely, the clock in the 
Septentrio Mosaic-X5 UPC1 can have fluctuations of several 
meters on timescales of tens of seconds. This is reasonable 

because one can expect the quality of the clock from a low-
cost device to be poorer than that of higher-grade geodetic 
receivers. Finally, the UBLOX receiver was configured to use 

clock steering, and consequently, the resulting clock fluctua-
tions estimated from the GD method were small (see the black 
line in Fig. 1) but still at the level of a few centimetres, as illus-

trated in the zoomed-in plot at the bottom left of Fig. 1. Note 
that, for the ru index from L1/E1 carrier frequency, a value of 

1 rad is equal to 3 cm. Therefore, the determination of the 
receiver clock by the GD is necessary to remove clock fluctua-
tions, even in the case of a steering clock configuration in the 

UBLOX receiver. 
By subtracting the previous estimations of the clocks and 

other geodetic terms from the measurements, the residual car-

rier phase for a given frequency f and a given receiver (rcv) and 

satellite (sat) pair, Lf 

sat 

rcv in meters, can be represented by the fol-

lowing equation: 

Lf 

sat 

rcv afI
sat 
rcv kf Nf df rcv dsat f ef 3 

where kf is the wavelength of the GNSS signal; 

Nf df rcv dsat f is the carrier phase ambiguity that can be split
Antenna Longitude 

(°) 
Latitude 

(°) 

) SEPPOLANT_X_MF 2.1 41.4 

SEPPOLANT_X_MF 2.1 41.4 

SEPPOLANT_X_MF 2.1 41.4 

LEIAR25.R3 5.8 52.0 

TRM59800.00 23.9 37.9 
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Fig. 1 Example of high-frequency fluctuations of clocks used by 

different receivers in present study. The zoomed-in graph in the 

bottom left side illustrates the fluctuations of the UBLOX clock 

during 100 s. 
into an integer part, Nf, plus two real-valued instrumental 

biases df rcv and d
sat 
f ; and ef represents the unmodelled noise 

of the carrier phase. Finally, Isat rcv is the ionospheric delay expe-

rienced by the signal, expressed in TEC units (TECU), and af is 
a factor that converts the ionospheric delay from TECU to 
meters of the given signal identified by the subscript f. 

When residuals Lf 

sat 

rcv are not affected by the CSs, the ambi-

guity term in Eq. (3) remains nearly constant because the vari-
ation in instrumental biases is very slow. Therefore, to isolate 
the true ionospheric fluctuations produced by scintillation, it is 
essential to detect CSs and identify the continuous arcs of the 

carrier-phase measurements. To this end, GD proceeds in two 
steps. First, when geodetic corrections were applied, large dis-
continuities in the carrier phases were identified, creating sep-

arate arcs of the carrier-phase values. Second, from the 

detrended residuals Lf 

sat 

rcv the IF combination of two carrier 

phases with different frequencies was used to identify the 
CSs, which are given by a small integer number of cycles (ele-
mental CSs). Owing to the accurate modelling and corrections 

previously performed, the fluctuations in the IF combination 
are typically a few centimetres, which makes it possible to 
detect jumps, even of a single cycle, in any of the two signals 

used to build that combination.10,12 Thus, the methodology 
applied at this stage of the GD technique can detect whether 
the CS affects only one or both of the signals used in the IF 

combination. 
Once the different arcs of CS-free continuous carrier phase 

measurements have been identified, the final component of the 

GD technique applies an HPF to the detrended measurements. 
A cut-off frequency of 0.1 Hz is used to remove the remaining 
low-frequency variations.11,12 The resulting HPF residuals are 
then used to calculate the 1-min standard deviations that pro-

vide the values of the phase scintillation index, ru, every 60 s 

for a given carrier phase frequency. The performance of the 
ru values derived with the GD technique compared to the 

ISMR outputs has been demonstrated in previous studies.12,13 

Moreover, because GD requires processing two signals of 
different frequencies in parallel, an HPF can also be applied 

to the GF combination, LGF, which is equal to the difference 
between the two carrier-phase observations. Subsequently, 
the filtered results can be used to derive the standard deviation 
in intervals of 1 min, which is henceforth denoted as rGF. 

11 

This index measures the ionospheric fluctuations that affect 
the GF combination of two carrier phases of different fre-
quency,11 which is used to calculate the ROTI. The HPF resid-

uals of LGF are used to quantify the noise level of that 
combination and compare it with that of the HPF residuals 
of the L1 carrier-phase frequency for both low-cost and geode-

tic receivers. 
Finally, to determine the amplitude scintillation index S4, 

the GD technique uses the 1 s carrier-to-noise density ratio 
(C/N0) recorded in the RINEX files from conventional GNSS 

receivers to estimate the signal intensity in Eq. (1). This specific 
procedure has been introduced and subsequently validated in 
previous studies.4,13,19 The S4 calculation uses the 1 min aver-

aging time intervals belonging to the CS-free continuous arcs 
of carrier-phase residuals obtained after GD processing. The 
S4 index derived in this manner has been assessed against the 

values obtained by collocated ISMRs, and good consistency 
between the two estimates has been demonstrated.4,13,19 

3. Experimental setup 

3.1. Dataset 

Table 1 lists the receivers used to collect the GNSS measure-
ments in this study. The approximate prices of the different 

receiver models are listed in parentheses in Column 3. Two 
low-cost mass-market receivers were evaluated in this study: 
a Septentrio Mosaic-X5 GNSS module installed in a develop-
ment kit (see https://shop.septentrio.com/en/shop/mosaic-x5-

devkit firmware version 4.10.0.1) and a UBLOX ZED-F9P 
module (https://www.u-blox.com/en/product/zed-f9p-mod-
ule). Both were connected to a Septentrio SEPPO-

LANT_X_MF GNSS antenna for data collection. These 
devices were located in Barcelona, Spain, at the Universitat 
Politè cnica de Catalunya (UPC) premises, and their details 

are provided in Table l. These two receivers were connected 
to an ALDCBS1X4-TNC splitter along with a geodetic-
grade GNSS receiver, the Septentrio PolarX5E model, desig-
nated as UPC2. Therefore, UPC1, UPC2, and UPC3 collect 

signals from a single antenna located at the same position 
determined by the common phase centre. Furthermore, it is 
important to note that the UBLOX receiver has different char-

acteristics compared to the other receivers: 

(1) It does not collect global positioning system (GPS) L2W 

carrier phase measurements, only L2C. 
(2) It collects the Galileo E5b signal but not the E5a signal, 

whereas the other receivers use E5a. 

(3) The C/N0 resolution is 1 dB-Hz, whereas the other recei-
vers have a resolution of 0.1 dB-Hz. 

The lower C/N0 resolution of UBLOX negatively impacted 

the resulting S4 index computation in the absence of scintilla-
tion, when the lowest values were recorded. For this reason, we 
decided to exclude the amplitude scintillation index from 

UBLOX when presenting the results, and we only used the 
phase scintillation index ru to assess the performance of that 

receiver in the subsequent comparisons.

https://shop.septentrio.com/en/shop/mosaic-x5-devkit
https://shop.septentrio.com/en/shop/mosaic-x5-devkit
https://www.u-blox.com/en/product/zed-f9p-module
https://www.u-blox.com/en/product/zed-f9p-module
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Two geodetic receivers belonging to the IGS network were 
used to collect additional reference data for a comparative 
analysis. KOS1 is located in the Netherlands, at a similar lon-

gitude as the group of receivers in Spain but at a higher lati-
tude. DYNG is situated in Greece at a similar latitude as the 
receivers in Spain, but at a different longitude. The character-

istics of both devices are listed in Table 1. All the devices were 
located in a mid-latitude region within the European continen-
tal area. The approximate cost of the receivers is also shown in 

Table 1. In addition, the price of the antenna must be consid-
ered. The receivers located in Spain share the same antenna 
manufactured by Septentrio. The cost of this antenna is about 
500 €, while in the case of the low latitude receiver mentioned 

in Section 5, the price of the antenna (JCA228B) is about 120 €. 
To analyse the scintillation index S4 and the standard devi-

ation of the HPF carrier-phase residuals using the proposed 

methodology, data at a sampling frequency of 1 Hz from the 
receivers listed in Table 1 were collected over a period of six 
days, from day of year (DoY) 195 (13th July) to DoY 200 

(19th July) in 2023. The motivation for choosing this specific 
period was to ensure a quiet ionosphere, as no significant level 
of ionospheric activity was observed. For example, during the 

aforementioned six-day period, the geomagnetic Kp index was 
typically less than 4, with only a few time intervals reaching 
larger values but never exceeding 5. Moreover, no relevant 
space-weather events were reported during this period, and 

the ionosphere in the European region showed very little or 
no activity, as expected for a mid-latitude region during the 
summer period. 

Fig. 2 shows the values of the along arc TEC rate (AATR) 
indicator for the three locations of the receivers listed in 
Table 1. The AATR is conventionally used to quantify the 

ionospheric activity.20 The results shown in Fig. 2 confirm that 
the ionosphere was essentially quiet during the experiment per-
iod because the 5 min AATR was typically < 0.3 TECU/min 

during data collection, which corresponds to low-level or no 
ionospheric activity.20 

The absence of ionospheric activity at the receiver locations 
is necessary to characterise the noise level of the scintillation 

parameters calculated using the GD technique. This noise level 
is used to establish the minimum threshold for detecting scin-
Fig. 2 AATR index calculated over intervals of 300 s in three 

different locations of receivers used in this study over full analysis 

period. 
tillation and allows the determination of the detection capabil-
ity of low-cost receivers, which is the main objective of this 
study. 

For the measurements collected in the present experiment, 
we considered the carrier phases recorded in the RINEX files 
of each device for two different signal frequencies transmitted 

by satellites in the GPS and Galileo constellations. In GPS 
satellites, the L1 and L2 frequencies have been studied. More-
over, for the L2 band, the P-code-based L2W measurements 

(RINEX observation code) were collected for all satellites, 
and when available, code-derived L2C measurements were col-
lected separately. Thus, it was possible to analyse the differ-
ences in the GF combination when computed using either 

L1/L2W or L1/L2C. For the satellites from the European 
GNSS Galileo, the collected carrier-phase measurements cor-
responded to the E1 and E5a frequencies. However, as men-

tioned previously, because the UBLOX device can only 
collect the pairs of carrier phases L1C/L2C for GPS and E1/ 
E5b for Galileo, only the corresponding GF combinations 

from those pairs of signals can be considered for the receiver. 
Note that the carrier frequencies of L1 and E1 are the same; 

however, the carrier frequency of E5a is the same as that of 

GPS L5. 

3.2. Checking satellite clocks 

The clock offsets from the GPS and Galileo satellites used by 

the GD method in this study were obtained from the rapid-
clock product provided by the German GeoForschungsZen-
trum (GFZ), an IGS analysis centre. These products are made 

available in daily files, where values are provided every 30 s 
throughout the day. Hence, the satellite clocks must be inter-
polated at 1 s intervals to correct the carrier-phase measure-

ments processed every second using the GD method. 
Therefore, it is necessary to assess satellite clock fluctuations 
to verify that the 30 s clocks are sufficiently stable to avoid 

introducing mismodeling in the interpolated satellite clock cor-
rections. Anomalous fluctuations in satellite clocks produce 
systematically large values in the phase scintillation index from 
that satellite at any elevation angle.12,21 An example of the 

effect produced by an unstable clock in the values of the ru 

index is presented in Fig. 3 for the Galileo satellite PRN 
E19. This satellite belongs to the in-orbit validation (IOV) 
phase of the Galileo constellation. Fig. 3 shows that the values 
of ru obtained from satellite E19 for the receivers DYNG (red 

squares) and KOS1 (green circles) are biased towards larger 

values compared with the corresponding values from the other 
Galileo satellites (blue squares). This occurred for the entire 
period when satellite E19 was in view of the locations of the 
two IGS receivers in DoY 195 with an elevation greater than 

30°. A similar effect was observed for other receivers in the 
experiment. Because the GD method corrects for satellite clock 
biases, the large values of ru from a given satellite in regions 

where no scintillation is expected suggest an anomalous beha-

viour of the satellite clock. 
To verify the previous point, the linearly detrended clock 

(in meters) for satellite E19 for a full day is shown in Fig. 4. 
In this figure, the large fluctuations observed in the 30 s clocks 

from GFZ for Galileo satellites E19 (in red) and E11 (in blue) 
can be compared with the typical fluctuations of a stable clock 
illustrated by Galileo satellite E30 (in green). Fig. 4 confirms
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Fig. 3 Comparison between ru index values derived from 

Galileo satellite E19 for receivers DYNG, KOS1, and from other 

Galileo satellites. 
that the clock of E19 shows high-frequency fluctuations of sev-
eral centimetres compared to the more stable clock of satellite 

E30. Moreover, the clock of Galileo satellite E11 is affected by 
large fluctuations produced by a fast drift in its clock which 
produces biased values in the ru index. This satellite also 

belongs to the IOV phase of Galileo. Therefore, satellites 
E11 and E19 were excluded from the calculation of the HPF 

carrier-phase residuals analysed in Section 4.2. 

Finally, after performing a similar examination of the 
results from GPS observations, the satellites PRN G05 and 

G08 were identified to be affected by fast fluctuations in their 
respective clocks, producing a systematic positive bias in the ru 

index calculated from their L1 carrier-phase measurements. 
Fig. 5 illustrates this case, showing an example of the large 
fluctuations observed in the 30 s clocks from GFZ for GPS 

satellites G05 and G08 (red and blue symbols, respectively) 
compared with the typical fluctuations of a stable clock illus-
trated by GPS satellite G25 (green symbols). The plot in the 
bottom right is a zoomed-in image of a 1 h interval showing 

the fluctuations of the clocks in more detail. The clock fluctu-
ations shown by G05 and G08 were substantially larger than 
those observed in other satellites from the GPS constellation, 
Fig. 4 Linearly detrended Galileo satellite clocks during DoY 

196. 
represented by satellite G25 in Fig. 5. This is confirmed by 
looking at the smaller graph inserted at the bottom-right of 
Fig. 5, which clearly shows that, on short timescales, the fluc-

tuations of the clocks in satellites G05 and G08 were signifi-
cantly larger than those of G25. Consequently, GPS satellites 
G05 and G08 were excluded from the analysis of the HPF 

carrier-phase residuals. 

4. Results 

We present the results in two subsections: one devoted to the 
S4 analysis and the other devoted to the HPF carrier-phase 
residual analysis. The metric used to compare the results from 

different receivers or GNSS constellations was based on the 
cumulative distribution function (CDF) derived after integrat-
ing the frequency distribution of a given scintillation parame-

ter in different cases and for the total time period considered in 
this study. Only measurements corresponding to satellite eleva-
tions greater than 30° were selected to calculate the different 
CDFs. To better visualise the largest percentiles of the CDFs, 

we used the complementary CDF (CCDF), which is equal to 
one minus the CDF. Consequently, a point (X, Y) of the 
CCDFs depicted in this section corresponds to a probability 

Y (expressed in %) of having an S4 or HPF value greater than 
X. In particular, the values corresponding to two percentiles, 
99% and 99.9%, from the CDFs, or equivalently, 1% and 

0.1% probabilities in the CCDFs, respectively, are used to per-
form a quantitative comparison of the results. The values of 
these percentiles are indicated in the figures by the intersection 
points between the black horizontal lines and the different 

CCDF curves. 

4.1. S4 analysis 

Fig. 6 shows the CCDF of S4 values considering the data from 
the six-day time period used in this study from the GPS L1 fre-
quency, Fig. 6(a), and Galileo E1 frequency, Fig. 6(b). The 

results are presented for each of the receivers in Table 1 except 
for UPC3, which was excluded because of its poor C/N0 reso-
lution. For the remaining receivers, the distributions of the two 

constellations were similar. As expected, low S4 values were
Fig. 5 Linearly detrended GPS satellite clocks during DoY 196 

and a zoomed-in graph of interval from 13 to 14 h.
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obtained in all the cases, corresponding to a quiet ionosphere. 
Only some instances with S4 over 0.2 were observed in less 
than 0.02% of the cases in the total sample. Consequently, 

no significant scintillation amplitude was detected.
The two collocated receivers in Barcelona, UPC1 and 

UPC2, showed nearly identical distributions for both Galileo 

and GPS, as shown in Fig. 6. The fact that these two devices 
are connected to the same antenna by means of a splitter 
may contribute to the similarity in the C/N0 values and the cor-

responding signal intensity used to calculate the S4 index. 
Regardless, because no significant differences were observed 
between the collocated receivers, it can be concluded that the 
low-cost Septentrio Mosaic-X5 (UPC1) had nearly the same 

performance as the geodetic Septentrio POLARX5E (UPC2) 
in terms of the measured amplitude scintillation index. 

However, Fig. 6 shows that the S4 values derived from the 

IGS receivers KOS1 and DYNG are slightly smaller than 
those in the case of the two collocated receivers UPC1 and 
UPC2 in Barcelona. These differences can be quantified using 

the 99th and 99.9th percentiles of the CCDFs presented in 
Table 2, which are illustrated in Fig. 6 by the intersection of 
the upper and lower horizontal lines, respectively, with the 

coloured curves. Table 2 shows that the percentiles from the 
receivers in Barcelona were larger than those from the IGS 
receivers. In the case of Galileo, this difference was slightly 
Fig. 6 Distributions of amplitude scintillation index, S4, for four 

Septentrio receivers. (a) GPS L1 carrier phase. (b) Galileo E1 

carrier phase. 
smaller than that from GPS. However, the observed differ-
ences were small. In practice, the minimum threshold to distin-
guish true amplitude scintillation from residual noise under 

null scintillation in the case of the Septentrio Mosaic-X5 
(UPC1) can be set around 0.15 for GPS (0.13 for Galileo) con-
sidering the 99.9th percentiles of the distributions displayed in 

Fig. 6 (see Table 2). The corresponding threshold for the two 
Septentrio receivers, KOS1 and DYNG, was nearly 0.1 
according to the 99.9th percentiles in Table 2. Consequently, 

it is possible to use the Septentrio Mosaic-X5 receiver for 
amplitude scintillation detection and monitoring. The events 
producing S4 values greater than a conservative value of 0.2 
cannot be attributed to the typical noise of the measurements 

from that device. Therefore, by using a low-cost Septentrio 
Mosaic-X5 device connected to a geodetic-grade antenna, such 
as that used in the present experiment, it is feasible to monitor 

a wide range of scintillation activities affecting the signal 
amplitude, ranging from moderate to intense events.13 

4.2. Analysis of HPF carrier-phase residuals 

As previously indicated, the 1 min standard deviation of the 
HPF residuals from the uncombined L1 or E1 frequency is 

the classic phase scintillation index, denoted as ru. 
12 By con-

trast, the 1 min standard deviation of the HPF residuals from 

the GF combinations analysed in the present study considering 
GPS signals are denoted as rGF 2W when using L1/L2W and 
rGF 2C when using L1/L2C. In the case of the Galileo signals, 

the 1 min standard deviation of the HPF residuals from the 
GF combination using E1 and E5a (or E5b in the case of 
the UBLOX receiver) are indicated by rGF 5 . 

Fig. 7(a) shows the CCDFs for the occurrence of a given 

value of ru (red), rGF 2W (green), and rGF 2C (blue) for 

each individual receiver and the GPS constellation. By con-
trast, Fig. 7(b) shows the corresponding CCDFs of the classic 
ru index (red) and rGF 5 (blue) obtained from the Galileo sig-

nals. The intersection of the black horizontal lines in the 
graphs with the coloured curves indicates the 99th and 

99.9th percentiles of the distributions (upper and lower lines, 
respectively). Finally, Tables 3 and 4 present the values of 
these two percentiles for the different CCDFs, as displayed 

in Fig. 7. To allow a consistent comparison between the results 
from the different signals, units of TECU were used to express 
the numerical values in Tables 3 and 4 and on the x-axes of the 
graphs in Fig. 7. Note that the ru index is typically reported in 

radians. For this reason, the corresponding percentiles of this 

index are also expressed in radians in columns 2 and 3 of 
Tables 3 and 4, where 0.01 TECU is equal to 0.054 rad in 
the L1/E1 frequency. 

Focusing on the results from the GPS satellites, Fig. 7(a) 

shows a significant difference in the CCDFs derived from the 
respective indices ru, rGF 2W , and rGF 2C . In principle, 

the three indicators should measure the same ionospheric fluc-
tuations in TECU, either after GD processing or from the 

detrending performed by means of the GF combinations, but 
this was not the case. The ionospheric TEC fluctuations from 
the HPF residuals of the GF combination using L2W were 
biased towards smaller values than those from the HPF L1 

residuals. This negative bias of the rGF 2W values from the 
GF combination that used L1/L2W has been demonstrated 
to be related with the L1-aided tracking technique
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Table 2 99th and 99.9th percentiles of CDF of S4 index from 

the L1/E1 frequency for different receivers used in this study. 

Receiver 99th Percentile 99.9th Percentile 

GPS Galileo GPS Galileo 

UPC1 0.12 0.10 0.15 0.13 

UPC2 0.12 0.10 0.15 0.13 

KOS1 0.07 0.07 0.10 0.10 

DYNG 0.07 0.07 0.10 0.09 
implemented in the Septentrio receivers, which is used to 
recover the GPS L2W carrier-phase observation.22 This track-
ing procedure introduces a correlation between L2W and L1, 

producing smaller values of the HPF residuals from the GF 
combination that uses L1/L2W measurements.11 All the anal-
ysed Septentrio receivers (both low-cost and geodetic) were 

similarly affected by the negative bias in the rGF 2W com-
pared to the ru distributions of the L1 HPF residuals, as 

shown in Fig. 7(a), green symbols. 
Concerning the CCDF of the rGF 2C values, the results 

displayed in Fig. 7(a) (red symbols) clearly show a positive bias 

with regard to the ru distribution from L1 in all the analysed 

receivers (Septentrio and UBLOX). Considering the absence of 

ionospheric activity during the analysis period, the distribu-
tions of ru values should only be affected by the residual error 

in the detrended L1 carrier phase, which results from measure-
ment noise and the mismodelling errors introduced by the GD 
processing. However, the effects of these errors in the ru index 

were smaller than those resulting from combining measure-

ments at the L1 and L2 frequencies. Moreover, when calculat-
ing the GF combination of L1/L2C assuming uncorrelated 
signals, an increase in the error of this combination concerning 
the error from each individual signal should result because the 

errors from the two combined signals are added. The resulting 
noise of the rGF 2C index is typically larger than that affect-
ing the ru index from the uncombined L1 measurements, 

which is reflected in the distributions depicted in Fig. 7(a) (blue 
and red symbols) and in the percentile values shown in Table 3. 

The same conclusion was obtained for the Galileo data when 
comparing the CCDF of the ru index from the uncombined 

E1 measurements (red curves in Fig. 7(b)) with the distribution 
of rGF 5 from the GF combination using L1/E5a for the 
Septentrio receivers and E1/E5b for the UBLOX receiver (blue 

curves in Fig. 7(b)). Here, the error increase affecting the 
rGF 5 index concerning ru could be quantified using the per-

centile values displayed in Table 4. 
Finally, a quantitative comparison of the percentiles pre-

sented in Tables 3 and 4 for GPS and Galileo, respectively, 

shows that the CCDF of the ru index from the low-cost recei-

ver UPC1 was very similar to that obtained using the geodetic-
grade receivers for the two GNSS constellations. In all cases, 
the value of the 99.9th percentile of the distribution of the 

ru index was approximately 0.06 rad for GPS, and only 

slightly lower ( 0.05 rad) for Galileo. In the case of the 

UBLOX receiver (UPC3), although the percentiles of the ru 

index were slightly higher than those of the other Septentrio 

receivers, they were smaller than the percentiles obtained using 
the GF combinations from that receiver. Nevertheless, the 
magnitude of the UPC3 percentiles can be considered to be 
at the same level as that of the geodetic receivers. This implies 
that, for all the devices included the low-cost receivers UPC1 
and UPC3 and for the two constellations, a common value 

can be assumed for the minimum threshold of the ru index 

to distinguish scintillation activity from quiet periods. Conser-
vatively, this common value could be set to 0.1 rad, which is 
sufficient to monitor most scintillation events that produce sig-
nificant carrier phase fluctuations in L1/E1 carrier frequency 

measurements.13 Therefore, the Septentrio Mosaic X5 and 
UBLOX ZED-F9P receivers can distinguish phase scintillation 
events showing a ru index > 0.1 rad from the lower values 

associated with residual noise produced during quiet periods 
without scintillation, in the same manner as the geodetic 

receivers. 

5. Case study of a low-cost receiver under scintillation 

In the previous section, we conducted our study using data col-
lected under non-scintillation conditions. Because the GD 
technique corrects observations for all effects that can be con-

fused with ionospheric scintillation, only the ionospheric scin-
tillation and thermal noise remain after applying the HPF. 
Therefore, by analysing the data without scintillation, the ther-

mal noise specific to each receiver can be characterized and 
thresholds for the detection of actual scintillation can be estab-
lished. As shown in the previous section, low-cost receivers 

have only a slightly higher thermal noise than geodetic recei-
vers. The values of ru from low-cost receivers can then be con-

sidered to be at the same level as the values obtained using 
geodetic receivers. 

However, it is unclear whether this conclusion holds under 

scintillation conditions. To address this issue, we considered 
data from an additional receiver, A010 (located in Peru; 
77°W, 12°S), equipped with the same UBLOX system as 

UPC3 and connected to a JCA228B antenna (approximate 
price 120 €). Unfortunately, we only had access to data from 
A010 for a limited number of days in 2024; therefore, we 
selected a six-day period, similar to the other five receivers pre-

sented in Table 1. The analysis period began on DoY 72 of 
2024, from 12 to 17 March. It should be noted that the analysis 
of data from A010 is provided as an example to further illus-

trate the performance of a low-cost receiver affected by scintil-
lation as a detailed study of scintillation activity based on low-
cost receivers is beyond the scope of the present study. 

Fig. 8 shows the ru time series for the two UBLOX recei-

vers A010 and UPC3 during the corresponding six-day peri-

ods. The results from the Galileo and GPS satellites are 
similar, so only the values from GPS are shown in Fig. 8.  As  
expected, after local sunset, the low-latitude receiver A010 

experiences phase-scintillation episodes close to 0.1 TECU in 
L1 (0.54 rad), a large value for a low-latitude receiver, similar 
to the one achieved by some receivers located at high lati-
tudes.13 By contrast, ru values for UPC3 are clearly lower than 

0.02 TECU (0.1 rad), indicating the absence of scintillation, 

and the resulting ru can be attributed to thermal noise. 

This latter result is illustrated by the CCDF curves dis-

played in Fig. 9, where in up to 90% of cases, ru 

was < 0.01 TECU, corresponding to periods without scintilla-
tion, and the distributions from the two receivers overlap. 
However, approximately 10% of the ru values reported by
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Fig. 7 CCDF of the 1 min standard deviation of HPF carrier-phase residuals. Measurements were collected during the six days analysed 

in 2023 by the five receivers analysed. The curves were obtained from L1 or E1 after applying GD (red), the GF combination of L1 and 

L2W (green), and the GF combination of L1 and L2C for GPS or E1 and E5a (E5b in the case of UPC3 UBLOX) for Galileo (blue).
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Table 3 Summary of the 99th and 99.9th percentiles (in TECUs) for the GPS satellites from the CCDFs of 1 min r values derived 
from different HPF residuals of the five analysed receivers. In the case of ru from L1, the corresponding radian values are provided in 

parentheses. 

Receiver ru(uncombined L1) rGF 2C (GF comb. with L2C) rGF 2W (GF comb. with L2W) 

99th percentile 99.9th percentile 99th percentile 99.9th 

percentile 

99th 

percentile 

99.9th percentile 

UPC1 0.008 (0.043 rad) 0.011 (0.06 rad) 0.016 0.020 0.005 0.007 

UPC2 0.007 (0.038 rad) 0.011 (0.06 rad) 0.014 0.019 0.005 0.007 

UPC3 0.010 (0.054 rad) 0.013 (0.07 rad) 0.020 0.023 

KOS1 0.007 (0.038 rad) 0.011 (0.06 rad) 0.013 0.017 0.003 0.007 

DYNG 0.008 (0.043 rad) 0.012 (0.065 rad) 0.015 0.020 0.004 0.007 

Table 4 Summary of the 99th and 99.9th percentiles (in TECUs) for the Galileo satellites from the CCDFs of 1 min r values derived 
from different HPF residuals of the five analysed receivers. In the case of ru from L1, the corresponding radian values are provided in 

parentheses. 

Receiver ru(uncombined E1) rGF 5 (GF comb. with E5a/E5b) 

99th percentile 99.9th percentile 99th 

percentile 

99.9th percentile 

UPC1 0.008 (0.043 rad) 0.009 (0.049 rad) 0.011 0.014 

UPC2 0.007 (0.038 rad) 0.0085 (0.046 rad) 0.009 0.012 

UPC3 0.009 (0.049 rad) 0.011 (0.06 rad) 0.015 0.019 

KOS1 0.007 (0.038 rad) 0.008 (0.043 rad) 0.009 0.0115 

DYNG 0.008 (0.043 rad) 0.009 (0.049 rad) 0.011 0.013 

Fig. 8 Time series of the phase scintillation index ru over a 

continuous six-day period. Red: the low-latitude receiver A010 

data starting on DoY 72 of 2024. Blue: the mid-latitude receiver 

UPC3 data starting on DoY 195 of 2023. 

Fig. 9 Two CCDF plots of ru corresponding to respective time 

series of values shown in Fig. 8. 
A010 were greater than 0.015 TECU and corresponded to scin-
tillation episodes. Some of these values were quite intense, as 
indicated by the long tail in the CCDF plot, which is not pre-

sent in the distribution from UPC3. These results illustrate that 
a low-cost receiver such as UBLOX is capable of detecting 
scintillation events as they occur, demonstrating its feasibility 

for scintillation monitoring.
6. Conclusions 

(1) A feasibility study based on the GD technique was per-
formed to analyse the minimum resolution required to 
perform scintillation monitoring using several receivers 
connected to geodetic-grade antennas. The results 

demonstrated that the low-cost receivers Septentrio 
Mosaic X5 and UBLOX ZED-F9P showed similar per-
formances to the geodetic receivers manufactured by
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Septentrio that were located in permanent ground-

monitoring stations in the IGS network. Geodetic recei-
vers are typically ten to 50 times more expensive than 
low-cost receivers. This implies the possibility of achiev-

ing global scintillation monitoring using low-cost recei-
vers in areas of poor coverage, thereby reducing costs 
and increasing the density of ground receivers for the 
local detection and characterisation of ionospheric fluc-

tuations produced by scintillation. 
(2) Based on the data collected for six days during a period 

of null scintillation, minimum thresholds to identify 

scintillation activity with the GD method were deter-
mined for the S4 and ru indices derived from observa-

tions of the L1 and E1 frequencies. Considering the 
amplitude scintillation index, S4, obtained using the 
Septentrio Mosaic X5 device, threshold values of 

approximately 0.15 and 0.13 can be applied to the 
GPS L1 and Galileo E1 signals, respectively. These val-
ues were only slightly higher than 0.1, which was the 

value obtained for the two IGS geodetic receivers that 
were analysed. In the case of UBLOX ZED-F9P, the 
poor resolution of the carrier-to-noise density ratio pre-

vented analysis of the S4 index. Conversely, for the 
phase scintillation index, ru, a common minimum 

threshold for scintillation detection of 0.1 rad can 
be set for both the Septentrio Mosaic X5 and UBLOX 
ZED-F9P receivers. 

(3) Using a second signal to perform a detrending of carrier 
phases via GF combination produces inconsistencies in 
the values of the standard deviation of HPF carrier 
phase residuals when using the GPS L2 signal, which 

depend on the channel or code that is used (L2C or 
L2W). Additionally, for the GPS and Galileo measure-
ments, the GF combinations of L1/L2C and E1/E5a sig-

nals (E1/E5b in the case of UBLOX), respectively, 
showed a bias towards larger values considering the 
uncombined L1 and E1 results. Consequently, the use 

of uncombined carrier frequencies provides an improved 
performance, and more consistent results can be 
achieved for scintillation monitoring than via the GF 
combination of dual-frequency signals. 

(4) Finally, an additional UBLOX receiver was evaluated in 
a low-latitude region over a six-day period during which 
post-sunset scintillation episodes characteristic of that 

region were effectively detected. This experiment further 
illustrated the feasibility of using low-cost receivers for 
scintillation monitoring. 

We conclude that the low-cost Septentrio Mosaic X5 and 
UBLOX ZED-F9P devices show sufficient resolution for scin-

tillation monitoring using the GD method based on the 
uncombined GPS L1 or Galileo E1 frequencies. 
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