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Abstract The terrestrial ionosphere over low-latitude regions presents the unique phenomena of the
equatorial ionization anomaly (characterized by global maximum in plasma concentration) and
plasma-depleted regions known as equatorial plasma bubbles and associated smaller-scale plasma
irregularities. Transionospheric radio signals such as those from Global Navigation Satellite Systems
constellations, traveling across this ambient, may suffer severe scintillation in amplitude and phase due to
these plasma structures. Presently, three civilian signals available for GPS users, at L1 (1575.42 MHz), L2C
(1227.60 MHz), and L5 (1176.45 MHz) are used to investigate the propagation effects due to these
irregularities. The purpose of the present work is to evaluate statistically the distribution of severe fade
events for each of these carrier frequencies based on the nonlinear ionospheric propagation effects as
represented by the fading coefficients of a-u distribution. The results from the analyses of data sets recorded
by stations at different geomagnetic latitude locations in Brazil show that regions closer to the equatorial
ionization anomaly crest present higher probability of severe fade events. Additionally, the L5 signals,
dedicated for safety-of-life applications, revealed more unfavorable results when compared to the L1 and
L2C frequencies. The results further showed that for 0.8 <S4 < 1.0 the probabilities of fades deeper than
—10 dB were between 8.0% and 6.5% depending on the station position. Considering the case of fades
deeper than —20 dB, the results reach values near 1%, which is quite concerning. These results show
empirically the fading environment that users of the new civilian signals may experience in low-latitude
region. Additionally, the fading coefficients may help in the comprehension of the distribution of amplitude
scintillation and its relation with the frequency used, aiding in the future the development of signal
processing algorithms capable to mitigate errors for navigation users.

Plain Language Summary This work shows differences in the statistics of GPS signals at different
frequencies. The results warn that new signals will be more affected by the ionosphere in regions of
low latitudes.

1. Introduction

In the equatorial and low-latitude regions, a conjunction of several electrodynamics mechanisms may give
rise to large-scale plasma depletions in the F region of the ionosphere, which are usually referred to as
equatorial plasma bubbles (EPBs). These structures, generated in the equatorial ionosphere, map along
the magnetic flux tubes to higher latitudes with larger background plasma density, a region known as
the equatorial ionization anomaly (EIA), with crests generally located within the geomagnetic latitude inter-
vals (+12°, +20°) and (—12°, —20°). After reaching the mature state, the plasma bubbles usually drift east-
ward. Plasma bubble structures present longitudinal extensions reaching a few hundreds of kilometers.
Inside the main structure, secondary instabilities occur, producing smaller-scale irregularities. This random
medium produces amplitude and phase scintillation of radio signals that propagate through the iono-
sphere, causing positioning errors, losses of phase lock, and consequently performance degradation and
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unavailability of service in receivers of the Global Positioning System
(GPS). Under severe scintillation scenarios, GPS receiver tracking loops
may experience deep power fades accompanied by abrupt phase shift
transitions causing receiver loss of lock (Humphreys et al, 2009).
Furthermore, Seo et al. (2011) highlighted that when GPS receivers
experience deep fades no performance standards are specified for avia-
tion users, which is a concern.

More recently, Jiao et al. (2016) showed that fading events are specially
pronounced on L2C (1227.60 MHz) and L5 (1176.45 MHz) signals and that
the amount of fades deeper than 15 dB may reach 10 times the number of
similar events on L1 (1575.42 MHz) signals, depending on location. In

Time(s) Moraes, Muella, et al. (2017), a statistical analysis compares the occurrence

_(b)

of scintillation in the Global Navigation Satellite System L1 and L2 fre-

empirical probability density

o
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] quency bands. The results show that during the summer and spring sea-
. »-3 ’:‘ sons, the probability of intense scintillation events in the southern crest
$ e of the anomaly (dip —12° to —20°) is approximately twice that observed
around the geomagnetic equator. Another aspect of the scintillation ana-
lysis worth mentioning is the statistical characterization of fading distribu-
tion: Moraes et al. (2012) have shown that the GPS radio scintillating
signals are better characterized by the a-x model (Yacoub, 2007). This
model has one more degree of freedom than a previous and frequently
¢ used one (the Nakagami-m distribution). The additional degree is used
to model the deep-fade region of the distribution with added flexibility
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and precision (Moraes, de Paula, et al, 2014). Following Conker et al.
(2003), Moraes, Costa, et al. (2014) proposed an extended model based
on the a-u distribution to explain how receivers with the same level of
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Figure 1.(a) GPS scintillation recorded at Presidente Prudente on 9  scintillation experience different values of error.

November 2014 for the L1, L2C, and L5 signals of PRN 25; (b) correspond-
ing empirical probability density function of [20 log(r)] for the three signals,

Motivated by these previous studies, this work aims at statistically ana-

where 1 represents values of the normalized received power. lyzing the severity of fades due to ionospheric irregularities in the new

GPS signals in comparison with those in the traditional L1 signal, with

basis on the a-u fading coefficients. The main objective of the present

study is to characterize the deep-fade regime of the distributions and
to establish how scintillating signals may create availability issues to users of the GPS L2C and
L5 frequencies.

Figure 1aillustrates one example of scintillation on 1-min records of the GPS L1, L2C, and L5 signals of PRN 25,
measured by the Presidente Prudente monitor on 9 November 2014. The greater severity of the scintillation
phenomenon in the L2C and L5 signals are observed at several time instants. Figure 1b shows the corre-
sponding empirical probability density function (pdf) of [20 log(r)] for the three signals, where r* represents
values of the normalized received power. Each r? value is computed from the measured in-phase In and
quadrature Qd components of the received signal through r* = (In® + Qd®)/<(In* + Qd*)>, where < > repre-
sents the ensemble average over 1 min of data. This plot highlights the severity of the fade events for the new
signals L2C and L5, in particular for the range between —10 and —20 dB. Considering the example of Figure 1,
it is possible to find the pair of a-u coefficients that better represents the empirical distribution of the
received power for each frequency. These fading coefficients, in association with the selected distribution,
characterize scintillation at each frequency.

The period of analysis, observation locations, geophysical conditions, and associated data sets will be
described in the following section. The a-u distribution will be briefly revisited in section 3, presenting
the most important equations and highlighting the benefits of this model for statistical characterization
of fading events. In section 4, the results from a statistical analysis performed for the L1, L2C, and L5 fre-
quencies will be presented and discussed, providing an idea on how much more affected the users of new
signals will be. Finally, the section 5 will summarize the main results of this study and present
concluding remarks.
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Table 1
Details About the Stations Used in This Work

Station Latitude (°) Longitude (°) Dip latitude (°) Available data

Fortaleza —3.74 —38.57 —8.86 139 nights
Presidente Prudente —22.12 —51.40 —16.01 133 nights
Séo José dos Campos —23.20 —45.85 —19.28 140 nights
Porto Alegre —30.07 —51.11 —22.32 128 nights

2. Measurements

The data analyzed in this work were acquired at four different stations distributed over the Brazilian territory.
Table 1 shows the name, location, and number of nights contributing with data. To position these stations
with respect to the EIA, where the most intense scintillation events are observed, it should be remembered
that its southern crest is generally located within the geomagnetic latitude interval (—15°, —20°). Thus, we
point out that Fortaleza (FZ) is the station closest to the geomagnetic equator where EPBs are generated.
Presidente Prudente (PP) and Sao José dos Campos (SJ), on the other hand, are located near the southern
crest of EIA. Finally, Porto Alegre (PA) is in poleward side of the EIA crest, away from the geomagnetic equator.

The positions of the four stations FZ, SJ, PP, and PA can be seen in Figure 2, which additionally shows a ver-
tical total electron content (vTEC) map over the Brazilian region at 02h00 UT on 13 November 2014. The para-
meter VTEC is theoretically obtained by the integration of the ionospheric electron density along the vertical
direction and expressed in TEC units (1 TECu = 10" electrons per square meters). The vTEC map is obtained
from GPS network; for more detail, see Hernandez-Pajares et al. (2009). The depleted regions (indicated by
dashed red lines) denote the presence of EPB structures in the EIA, indicated by enhanced TEC values.

The experimental data recorded from the stations listed in Table 1 were measured by Septentrio PolaRxS
scintillation monitors with ultralow noise oven-controlled crystal oscillators for GPS L1 (1575.42 MHz), L2C
(1227.60 MHz), and L5 (1176.45 MHz) signals at the sampling frequency of 50 Hz. These receivers belong
to the CIGALA/CALIBRA network (Vani et al., 2016). The data used is this study were recorded every night
from 19h00 LT to 01h00 LT between 1 November 2014 and 30 March
2015. This period corresponds to the maximum of the current solar

00
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Geographical Latitude

30°S

40°S

cycle. Along the period of analysis the mean monthly solar flux values
were respectively 1552, 158.7, 141.7, 128.8, and 126.0 sfu, where
1 sfu = 10722 Wm~2Hz ' at the wavelength of 10.7 cm. This is the
0.6 same period analyzed by Moraes, Costa, et al. (2017), being associated
with the equatorial spread F season in the Brazilian sector, according
to Abdu et al. (1992).

2h00 UT

The Septentrio PolaRxS monitor provides a flag indicating the occurrences
of cycle slips in the receiver tracking loop, followed by periods of losses of
phase lock, as recently discussed in detail by Moraes et al. (2018). In Figures
3, 4, and 6 of that reference, in association with the corresponding discus-
10.3 sion, the authors address the aspects of detected cycle slips in terms of the
parameters S, and a. For briefness, the periods of losses of phase lock will
not be further used or discussed in the present analysis.

Normalized TECu

80°W  70°W  60°W

50°W  40°W  30°W

3. The a-u Distribution

Geographical Longitude The a-u model assumes that the received signal results from a composi-

tion of clusters of multipath waves that propagated through a nonhomo-

Figure 2. TEC map over the Brazilian region during an equatorial plasma  geneous medium. This model also assumes that the signal is composed of

bubble event at 02h00 UT on 13 November 2014. The red dashed lines
indicate equatorial plasma bubble structures at low-latitude regions. The
position of the four stations FZ, SJ, PP, and PA can also be seen.

random phases of scattered waves with similar delays within any cluster.
For a normalized envelope such that E[R?] = 1, where I = |R|? is the received

FZ = Fortaleza; SJ = Sio José dos Campos; PA = Porto Alegre; PP = Presidente signal intensity and R is the amplitude envelope, the a-u probability den-

Prudente; TEC = total electron content.

sity function is given by (Moraes et al., 2012)
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Table 2
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Figure 3. Various shapes of the a-u probability density function for different fixed values of S,4, showing the influence of o
in the severity of scintillation.

ar®1 re
fr(r) = —f““/zl“(y) exp <— W) . (1)

In the above expression, I'(f) is the Gamma function of general argument § and & =T'(«)/T'(u + 2/a). According
to Yacoub (2007), the o parameter represents the nonlinear function of the modulus of the sum of contribu-
tions from the clusters of multipath components from the resulting envelope and the u parameter represents
the real extension of the number of multipath components in the propagation environment, to be estimated
by field data.

The severity of amplitude scintillation is commonly represented by the scintillation index S,4, defined by (Yeh
& Liu, 1982):

Se= () = 07/ ) @

where < > denotes the ensemble average. In practice, temporal averages (1 min) are used.

The relation between the a-u parameters and the scintillation index S, is given by Moraes et al. (2012):

T(u)T(u +4/a) —T?(u +2/a)
I (u+2/a)

$2 =

. 3)

The u Values Associated With Each Curve in Figure 3

a=0.5 a=10

a=15 «=20 a=25 a=30  Equation (3) indicates that there are infinite pairs of a-u coefficients for a

S4=07 3668
S4=08 2892
S4=09 2356
S4=10 1969

8.58
6.65
532
437

3.67
2.81
2.23
1.81

204 1.31 094 given value of S4. The following analyses will concentrate on the values
1.56 1.01 0.72 of S4, assuming « as a complementary parameter, while x4 will be treated
133 822 8451; as an auxiliary parameter, dependent on the other two (a and S;) through

equation (3). Treating u as the complementary parameter and a as the
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10 . ; : o . o
$,=0.77 auxiliary parameter would also be viable, in principle. However, past stu-
5t | dies by Fremouw et al. (1978) and Banerjee et al. (1992) suggested that
P A\ N AN . the Nakagami-m model provided a good fit to empirical distributions.
E ot ] (\ (| 4 \ "o Y| f J Thus, focusing on a is more intuitive, since the Nakagami-m distribution
gﬂ N l y | i i | 1 b is a particular case of the a-_x1D707; distribution (with a = 2).
§ S H V |l ' | | ,l H Additionally, it maintains continuity with previous work by Moraes, de
Paula, et al. (2014) and Moraes, Costa, et al. (2014), allowing comparisons
-10 1 \ ‘ H among empirical distributions, the a-_x1D707; model (using S, and a),
and the Nakagami-m model (using only S,). Each panel of Figure 3 displays
'150 1'0 2'0 3'0 4'0 5'0 60 different shapes of fx (r) for fixed values of S4 and variable a. It is important
Time(s) to note that, for any fixed value of S, the probability of deep fades
e increases as a increases. The u values associated with each curve in
' ‘0090 ' Figure 3 are shown in Table 2.

2 a2l 009" Coguny, ] o . .
=10 5 ® Figure 3 indicates that a signal represented by fz(r) with S, = 0.7 and a = 3.0
é o) o OO (light blue curve in the upper left panel) will be more threatening to the
g ) user than a signal with S, = 0.9 and a = 0.5 (dark blue curve in the lower
E 1 o O(%) left panel). The question now is how to estimate the pair of a-u coefficients
= 107 ¢ (@ that best represents the received signal. In this work, a-x fading coeffi-
'§ o Emvirical data . cients were estimated by fitting equation (1) to the empirical pdf resulting
-9 f [Z=1.68, S =0.77] from each 1-min batch of the available data set with basis on the
10° R 4 . . o maximum-likelihood procedure (Venables & Ripley, 2002). Additionally,
-15 -10 -5 0 5 the a-u estimates were associated to the corresponding value of S4, deter-
20log(r) mined by the direct application of equation (2) to the same data batch. The

Figure 4. Upper panel: Example of 1-min batch of scintillation data with
S4 = 0.77. Lower panel: Associated empirical and theoretical a-u probability
density functions. The latter was estimated with basis on equation (1) and

the maximume-likelihood procedure.

upper panel of Figure 4 illustrates one example of data batch where
S4 = 0.77. The lower batch of Figure 4 shows the associated empirical

. $,707 §,707
10 1 I L
10"+
1
10"
1074
gy
w1 10°
10-3* 10'4, |
10-4 /
30 25 20 -15 -10 -5 0 5 10 05 1.0 1.5 2.0 25 3.0 35
$,=1.0
10"
107
4 —— 20log(r)=-10dB
1075 —— 20log(n=-15dB | {
4 = 20log(r)=-20dB
105 —— 20log(n)=-25dB |
—— 20log(f)=-30dB

-15 -10

05 1.0 15 20 25 3.0 3.5

-5

10

20log(r)

Figure 5. Left panels: Curves for Fg(r) as a function of the signal intensity, assuming two fixed values of S4 (0.7 and 1.0) and
different a values. Right panels: Curves for Fg(r) as a function of &, assuming two fixed values of S4 (0.7 and 1.0) and different
values of the signal intensity.
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Table 3

Probabilities of S4 Occurrences in Different Intervals (S4 - 0.05, S4 + 0.05) and Locations for the L1, L2C, and L5 Signals
Sa 03 0.4 0.5 0.6 0.7 08 0.9 1.0 1.1 Psa>03  Psasos
Fortaleza

Ppq (%) 6.27 2.50 1.19 0.49 0.31 0.12 0.05 0.04 0.01 10.98 2.21
PLoc (%) 11.22 5.37 2.60 146 0.92 0.57 0.24 0.14 0.07 22.59 6.00
P s (%) 11.13 549 2.74 1.63 1.05 0.60 0.35 0.14 0.09 23.22 6.60
Presidente Prudente

Pq (%) 498 417 3.26 2.90 2.15 1.71 1.01 0.66 0.30 21.14 11.99
PLoc (%) 3.98 345 3.25 3.19 3.05 2.90 235 1.60 0.91 24.68 17.25
Py5 (%) 3.59 3.36 3.05 2.99 3.06 3.13 263 1.79 1.04 24.64 17.69
Séo José dos Campos

PL1 (%) 324 233 1.86 1.35 1.26 1.09 0.98 0.81 0.47 13.39 7.82
PLoc (%) 3.12 244 2.00 1.78 1.69 1.60 1.63 1.38 0.82 16.46 10.90
Pys (%) 2.99 2.29 1.97 1.80 1.69 1.79 1.73 1.51 0.86 16.63 11.35
Porto Alegre

Py (%) 0.83 0.53 0.41 0.34 0.28 0.24 0.27 0.22 0.14 3.26 1.90
PLac (%) 0.88 0.54 0.49 043 0.35 0.42 0.42 0.38 0.22 413 2.71
Pys (%) 0.83 0.53 0.50 042 0.32 0.42 0.46 043 0.23 4.14 2.78

and estimated pdfs of the received intensity. The latter is based on equation (2) using the estimated coeffi-

cients o = 1.68 and u = 2.35.

The cumulative distribution function Fg(r) for the a-u model when E[R?] = 1 can be directly determined from

equation (2):

Fortaleza Presidente Prudente Séo José dos Campos Porto Alegre
4 4 7 4
3 3 3 3
2, S
EZ 2 2 2
—u
1 1 1 1 [f——12C
—_—iL5
0 0 0 0
0. 05 07 09 11 03 05 07 09 11 03 05 07 09 11 03 05 07 09 11
10.0 10.0 10.0 10.0
X 75 7.5 /\ 7.5 7.5
)
8 50 5.0 5.0 5.0
u® 25 25 25 25
A
0.0 0.0 0.0 0.0
0. 05 07 09 11 03 05 07 09 11 03 05 07 09 141 03 05 07 09 11
1.00 1.00 1.00 / 1.00
X 0.75 0.75 0.75 / 0.75 /\
[
§ 0.50 0.50 0.50 F 0.5
% /
uw 0.25 0.25 0.25 0.25
0.00 0.00 0.00 0.00
03 05 07 09 11 03 05 07 09 141 03 05 07 09 1.1 03 05 07 09 11
4 S, 8, S

Figure 6. Upper row: Average values of a as functions of S4 for different locations and GPS signals. Central and bottom rows: Curves of Fg(r) (%) for —10- and —20-dB
fades as functions of S, for different locations and GPS signals, respectively.
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Table 4

Average Values and Standard Deviations of a in Different S, Intervals
(S4 - 0.05, S4 + 0.05) and Locations for the L1, L2C, and L5 Signals

_ Dl (1))

FR(r) r(ﬂ) )

(4)

S4 03 04 05 06 07 08 09 10 11 where TI(z,y)=ft""e'dt is the incomplete Gamma function.
Fortaleza Equation (4) determines the probability of a fading event to be smaller
ELqlal 268 251 251 247 224 191 145 1.01 068 than a threshold r. It is represented in the left plots of Figure 5 for two fixed
Eroxclal 270 240 239 234 235 180 145 105 068 values of 54 (0.7 and 1.0) and different a values. The right plots show curves
Eisla] 295 294 278 249 285 139 171 103 082 for Fg(r) as a function of ¢, assuming two fixed values of S4 (0.7 and 1.0) and
stdy 1[a] 1.51 154 150 144 121 108 071 056 042 . . X R

stdioclal 149 140 131 127 119 080 062 043 032 different values of the signal intensity. Suppose a case where S, = 0.95 and
stdislo] 163 185 162 149 145 123 086 060 047 a = 3.0 (u = 0.52). According to equation (4) and the lower-left panel of
Presidente Prudente Figure 5, the probability of a fading event deeper than 15 dB will be
Eiqla] 265 231 204 218 204 18 174 128 103  approximately equal to 4.7%. For the same S; value but o = 0.5
Evaclal 281 249 265 253 245 259 201 137 1.00 (u = 21.48), the probability of a fading event deeper than 15 dB will
Eyslo] 347 282 289 269 284 258 216 137 097 R L. . .

stdjld] 148 133 104 121 111 099 081 069 057 decrease to 0.1%. This example indicates that the scintillation index S,
stdiocle] 159 158 147 141 137 107 082 069 057 alone does not describe the scenario for the satellite navigation user.

std| s[a] 199 162 173 160 167 107 083 075 0.59

Sdo José dos Campos

Ep1lal 278 244 248 252 261 217 225 149 1.02 4. Fad|ng Coefficients for the GPS L1, L2, and

Eyoclal 3.01 274 290 275 283 239 201 150 0.99 L5 Frequencies

E 5[al 305 287 266 332 276 273 225 147 1.02

stdiqlel 163 160 142 140 128 119 092 080 061 The previous section presented the benefits of using the a-u model for the
stdipcle] 196 183 161 170 160 119 089 082 057  gatistical characterization of scintillation. In this section, the fading coeffi-
;t:r';:’)[fle re1 82 197 162 179 164 121 090 085 062 cients for the L1, L2C, and L5 signals and their association with the scintil-
Eyqla] d 323 288 239 274 241 232 171 135 1.08 lation index S, will be described in more detail, with basis on the data from
ELoclal 307 376 273 325 275 226 191 133 1.13 the four stations. Initially, Table 3 displays the percentages of S, occur-
Eislal 357 313 337 363 275 251 243 187 104  rences in different intervals (S; — 0.05, S, + 0.05) and locations for the L1,
stdygfe] 178 163 138 1.23 141 101 080 072 051 L2C, and L5 signals. The central part of the first row of Table 3 indicates
stdiocla] 199 243 152 187 191 1.19 082 053 053 ) ) o

stdisla] 230 247 168 218 135 110 075 077 063 the centers of the S, intervals. The following rows indicate, for each loca-

tion and GPS signal, the percentages of S, occurrence in the correspond-
ing interval. The last two columns present, for each location and GPS
signal, the percentages of noticeable (S4 > 0.3) and moderate-to-strong
(S4 > 0.5) scintillation. It should be remembered that the percentages in Table 3 are calculated for the night
hours 19h00 LT to 01h00 LT. Each line of Table 3 resulted from the processing of over 360.000 S, samples
(1 min each), on average. The last two columns of Table 3 clearly shows that noticeable and moderate-to-
strong scintillation more frequently affect the L2C and L5 signals than the L1 signal. They also show that
scintillation occurs more frequently in signals received at PP than at SJ and FZ and less frequently at PA,
depending on how close the stations are to the southern crest of the EIA.

It has been seen that the procedures described in the previous section provide associated S, o, and u esti-
mates for each 1-min batch of the available data set. In continuation of the analysis of the above paragraph,
the upper row of Figure 6 displays the average values of a as a function of S4 for each location and GPS signal.
To provide numbers that could be more easily applied to simulation models of scintillation effects on GPS
signals, Table 4 displays the average values of a in the same S, intervals (S — 0.05, S4 + 0.05) and locations
for the L1, L2C, and L5 signals. It is observed in Table 4 that the average o values for the L2C and L5 signals
are greater than or equal to the corresponding ones for the L1 signal in 27 and 33 cases, respectively, out of
the 36 available cases. Thus, the data confirm that the probability of deep fades increases as the frequency
decreases, for any fixed value of S,. However, it is noted that, for all locations, the differences among the aver-
age a values for the three signals are relatively smaller for S; > 0.9 than those for S4 < 0.8. Initially, the fre-
quency was fixed and, for each value of S,, the greatest and smallest values of E[a] were determined from
Table 4 or the upper row of Figure 6 among those associated with the four locations. The majority of the
greatest values of E[a] so determined were associated with PA for all the signals, indicating that this location
would experience the greatest occurrence of deep fades. On the other hand, the majority of the smallest
values of E[a] were associated with PP for the L1 signal and FZ for the L2C and L5 signals, suggesting that
these locations would be less affected by deep fading at these respective frequencies. Next, the location
was fixed and, for each value of S,, the greatest and smallest values of E[a] were determined from Table 4
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Figure 7. Empirical probability distribution functions of a for different values of S4 intervals (S4 — 0.05, S4 + 0.05), locations, and GPS signals.

or the upper row of Figure 6 among those associated with the three frequencies. The majority of the greatest
values of E[a] so determined were associated with the L5 signals for all locations, indicating that this
frequency would experience the greatest occurrence of deep fades. However, the majority of the smallest
values of E[a] were associated with the L2C signal for FZ and the L1 signal for the other three locations.
These results, which can also be obtained by visual inspection of the upper row of Figure 6, confirm that
the L5 and L2C signals are the most and least affected by deep fades, respectively. The central and bottom
rows of Figure 6 show curves of the probabilities Fz (—10 dB) and Fz (—20 dB) of fades deeper than the
corresponding arguments as functions of S4. To determine each point of these curves, equation (3) initially
provides the value of u associated with the pair (S4, E[a]), where E[a] is read from the Table 4 or the upper
row of Figure 6 for the corresponding frequency and location. Equation (4) is then applied with the
parameters E[a] and y, as well as with the desired fade level. It is observed that the L5 signal has the
greatest probability of experiencing fades deeper than —10 dB for 0.8 < S4 < 1.0, reaching 8.0% at PP and
SJ, 7.5% at PA, and 6.5% at FZ. The corresponding probabilities are 1% to 2% less at the other frequencies.
The bottom row of Figure 6 shows the probabilities of fades deeper than —20 dB. It is again observed that
the critical region is in the interval 0.8 < S4 < 1.0. The probability of fades deeper than —20 dB in this S,
interval reaches 0.9% and 0.8% at PP and SJ, for the L5 signal. The same probability is substantially less for
the other signals, in particular at FZ.

Table 4 also shows the standard deviation of a, which measures the width of the corresponding parameter for
each location and signal. Repeating the same processing of the previous paragraph, the frequency was initi-
ally fixed and, for each value of S, the greatest and smallest values of std[a] were determined from Table 4
among those associated with the four locations. The majorities of the greatest and smallest values of std[a] so
determined for the L1 signal were associated with SJ and PP, respectively. On the other hand, the majority of
the greatest and smallest values of std[a] were associated with PA and FZ, for the L2C and L5 signals. Next, the
location was fixed and, for each value of S, the greatest and smallest values of std[a] were determined from
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Table 4 among those associated with the three frequencies. The majority of the greatest values of std[a] were
always associated with the L5 signals for all locations. However, the majority of the smallest values of std[o]
were associated with the L2C signal for FZ and the L1 signal for the other three locations. The differences
among the std[a] values for the three signals are also relatively smaller for S4 > 0.9 than those for S, < 0.8.

Each panel of Figure 7 shows full pdfs of a value for each station and relatively high value of S, for all signals.
It is observed that the pdfs are not symmetrical around their maxima and that, for all locations and signals,
dispersion of a set decreases as S, increases. The plots confirm the last observation of the previous paragraph.
It is important to note that high values of a are more frequent for L2C and L5, in particular for PP and SJ, with
54 <0.9.This is an evidence that L2C and L5 signals will be more degraded and availability issues will be more
frequent for users of those signals.

5. Conclusions and Final Remarks

In this work we analyzed the effects of ionospheric scintillation on the GPS signals received at L1, L2C, and L5
frequencies. Scintillation measurements were obtained with GPS receivers located in four stations distributed
over the Brazilian sector (FZ, PP, SJ, and PA) at latitudes near and around the southern crest of the EIA. The
Brazilian region where these stations are located has great dependence on satellite-based navigation sys-
tems, applied in activities such as precise agriculture, aviation traffic management, and oil rig operation.
This study addressed important questions concerning the relatively more severe degradation effects suffered
by the new L2C and L5 GPS signals, which have carriers with lower frequencies than that of traditional L1 sig-
nal, in respect of increasing scintillation index as well as deep fading effects caused by extreme scintillation
events. The main conclusions of this study may be summarized as follows:

1. The analysis results showed that in the region near the equatorial anomaly crest, such as that monitored
by the PP station, the chances of the L1 signal to be affected by moderate-to-strong scintillation events
with S4 > 0.5 are near 12%. For the L2C and L5 signals the value chances increase to above 17%. Thus,
users of the new GPS signals L2C and L5 are more susceptible to be impacted by ionospheric irregularities.

2. The statistics of fading scintillation events verified how degraded the new signals at L2C and L5 can be in
comparison to the L1 signal. By using the amplitude distribution model of a-u distribution, a flexible fad-
ing model, it was found that the L5 signals (dedicated for safety-of-life applications) experienced highest
probability of fades deeper than —10 dB, the probability for the range 0.8 <S5, < 1.0, reaching up to 8.0% at
PP and SJ, and 7.5% and 6.5%, respectively, at PA and FZ. For the case of fades deeper than 20 dB this
probability was around 1%. The L2 signal was less affected than L5 but generally more affected than L1
signal for which the probability was 1% to 2% less than that of L5.

Finally, analyzing the distribution of fading coefficients, it was observed that higher values of « are more fre-
quent in L2C and especially at L5 signals than compared to L1. As higher a represents more severe fading,
these signals are expected to face more problems in signal tracking and data demodulation.

References

Abdu, M. A, Batista, I. S., & Sobral, J. H. A. (1992). A new aspect of magnetic declination control on equatorial spread-F and F region dynamo.
Journal of Geophysical Research, 97(A10), 14,897-14,904. https://doi.org/10.1029/92JA00826

Banerjee, P. K, Dabas, R. S., & Reddy, B. M. (1992). C and L band transionospheric scintillation experiment: Some results for applications to
satellite radio systems. Radio Science, 27(6), 955-969. https://doi.org/10.1029/92RS01307

Conker, R. S., El-Arini, M. B., Hegarty, C. J,, & Hsiao, T. (2003). Modeling the effects of ionospheric scintillation on GPS/Satellite-Based
Augmentation System availability. Radio Science, 38(1), 1001. https://doi.org/10.1029/2000RS002604

Fremouw, E. J,, Leadabrand, R. L., Livingston, R. C., Cousins, M. D., Rino, C. L., Fair, B. C,, & Long, R. A. (1978). Early results from the DNA
Wideband satellite experiment—Complex-signal scintillation. Radio Science, 13(1), 167-187. https://doi.org/10.1029/RS013i001p00167

Herndndez-Pajares, M., Juan, J. M., Sanz, J,, Orus, R., Garcia-Rigo, A., Feltens, J., et al. (2009). The IGS VTEC maps: A reliable source of iono-
spheric information since. Journal of Geodesy, 83(3-4), 263-275. https://doi.org/10.1007/s00190-008-0266-1

Humphreys, T. E., Psiaki, M. L., Hinks, J. C,, O'Hanlon, B., & Kintner, P. M. Jr. (2009). Simulating ionosphere-induced scintillation for testing GPS
receiver phase tracking loops. IEEE Journal on Selected Topics in Signal Processing, 3(4), 707-715. https://doi.org/10.1109/
JSTSP.2009.2024130

Jiao, Y., Xu, D., Morton, Y., & Rino, C. (2016). Equatorial scintillation amplitude fading characteristics across the GPS frequency bands. Journal
of the Institute of Navigation, 63(3), 267-281. https://doi.org/10.1002/navi.146

Moraes, A. O., Costa, E., Abdu, M. A, Rodrigues, F. S., de Paula, E. R, Oliveira, K., & Perrella, W. J. (2017). The variability of low-latitude iono-
spheric amplitude and phase scintillation detected by a triple-frequency GPS receiver. Radio Science, 52, 439-460. https://doi.org/10.1002/
2016RS006165

DE O. MORAES ET AL.

1173


https://doi.org/10.1029/92JA00826
https://doi.org/10.1029/92RS01307
https://doi.org/10.1029/2000RS002604
https://doi.org/10.1029/RS013i001p00167
https://doi.org/10.1007/s00190-008-0266-1
https://doi.org/10.1109/JSTSP.2009.2024130
https://doi.org/10.1109/JSTSP.2009.2024130
https://doi.org/10.1002/navi.146
https://doi.org/10.1002/2016RS006165
https://doi.org/10.1002/2016RS006165
http://is-cigala-calibra.fct.unesp.br/is/index.php
http://is-cigala-calibra.fct.unesp.br/is/index.php

~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Radio Science 10.1029/2018RS006653

Moraes, A. O., Costa, E., de Paula, E. R, Perrella, W. J., & Monico, J. F. G. (2014). Extended ionospheric amplitude scintillation model for GPS
receivers. Radio Science, 49, 315-329. https://doi.org/10.1002/2013RS005307

Moraes, A. O., de Paula, E. R, Muella, M. T. A. H., & Perrella, W. J. (2014). On the second order statistics for GPS ionospheric scintillation
modeling. Radio Science, 49, 94-105. https://doi.org/10.1002/2013RS005270

Moraes, A. O., Muella, M. T. A. H,, de Paula, E. R, de Oliveira, C. B. A, Terra, W. P., Perrella, W. J., & Meinbach-Rosa, P. R. P. (2017). Statistical
evaluation of GLONASS amplitude scintillation over low latitudes in the Brazilian territory. Advances in Space Research, 61(7), 1776-1789.
https://doi.org/10.1016/j.asr.2017.09.032

Moraes, A. O., de Paula, E. R, Perrella, W. J., & Rodrigues, F. S. (2012). On the distribution of GPS signal amplitudes during the low-latitude
ionospheric scintillation. GPS Solutions, 17(4), 499-510. https://doi.org/10.1007/510291-012-0295-3

Moraes, A. O., Vani, B. C,, Costa, E., Abdu, M. A, de Paula, E. R, Sousasantos, J., et al. (2018). GPS availability and positioning issues when the
signal paths are aligned with ionospheric plasma bubbles. GPS Solutions, 22(4), 95. https://doi.org/10.1007/510291-018-0760-8

Seo, J., Walter, T., & Enge, P. (2011). Availability impact on GPS aviation due to strong ionospheric scintillation. [EEE Transactions on Aerospace
and Electronic Systems, 47(3), 1963-1973. https://doi.org/10.1109/TAES.2011.5937276

Vani, B. C., Shimabukuro, M. H., & Monico, J. F. G. (2016). Visual exploration and analysis of ionospheric scintillation monitoring data: The ISMR
query tool. Computers and Geosciences, 104, 125-134. https://doi.org/10.1016/j.cageo.2016.08.022

Venables, W. N., & Ripley, B. D. (2002). Modern Applied Statistics with S (4th ed.). New York: Springer.

Yacoub, M. D. (2007). The a-u distribution: A physical fading model for the Stacy distribution. IEEE Transactions on Vehicular Technology, 56(1),
27-34. https://doi.org/10.1109/TVT.2006.883753

Yeh, K. C,, & Liu, C.-H. (1982). Radio wave scintillations in the ionosphere, Proceedings of the IEEE, 70(4), 324-360. https://doi.org/10.1109/
PROC.1982.12313, https://ieeexplore.ieee.org/document/1456581/

DE O. MORAES ET AL.

1174


https://doi.org/10.1002/2013RS005307
https://doi.org/10.1002/2013RS005270
https://doi.org/10.1016/j.asr.2017.09.032
https://doi.org/10.1007/s10291-012-0295-3
https://doi.org/10.1007/s10291-018-0760-8
https://doi.org/10.1109/TAES.2011.5937276
https://doi.org/10.1016/j.cageo.2016.08.022
https://doi.org/10.1109/TVT.2006.883753
https://doi.org/10.1109/PROC.1982.12313
https://doi.org/10.1109/PROC.1982.12313
https://ieeexplore.ieee.org/document/1456581/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


