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Abstract As GPS is modernizing, there are currently
fourteen satellites transmitting L2C civil code and seven
satellites transmitting L5 signal. While the GPS observ-
ables are subject to several sources of errors, the iono-
sphere is one of the largest error sources affecting GPS
signals. Small irregularities in the electrons density along
the GPS radio signal propagation path cause ionospheric
scintillation that is characterized by rapid fluctuations in
the signal amplitude and phase. The ionospheric scintilla-
tion effects are stronger in equatorial and high-latitude
geomagnetic latitude regions and occur mainly due to
equatorial anomaly and solar storms. Several researchers
have analyzed the L2C signal quality since becoming
available in December, 2005. We analyze the performance
of L2C using GPS data from stations in the equatorial
region of Brazil, which is subject of weak, moderate and
strong ionospheric scintillation conditions. The GPS data
were collected by Septentrio PolaRxS—PRO receivers as
part of the CIGALA/CALIBRA network. The analysis was
performed as a function of scintillations indexes S4 and
Phi60, lock time (time interval in seconds that the carrier
phase is tracked continuously without cycle slips), multi-
path RMS and position variation of precise point posi-
tioning solutions. The analysis shows that L2C code
solutions are less affected by multipath effects than that of
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P2 when data are collected under weak ionospheric scin-
tillation effects. In terms of analysis of positions, the
kinematic PPP results using L2C instead P2 codes show
accuracy improvements up to 33 % in periods of weak or
strong ionospheric scintillation. When combining phase
and code collected under weak scintillation effects, the
results by applying L2C against P2 provide improvement
in accuracy up to 59 %. However, for data under strong
scintillation effects, the use of L2C for PPP with code and
phase does not provide improvements in the positioning
accuracy.

Keywords Ionospheric scintillation - L2C - GPS
modernization - GPS positioning

Introduction

The GNSS system is composed of GPS, GLONASS,
Galileo, BeiDou and augmentation systems such as WAAS
and EGNOS. Once fully developed, there are several
advantages to the user such as more visible satellites,
greater signal power level and more potential observable
combinations, resulting in improved positioning accuracy,
availability and reliability.

Originally, the GPS satellites transmit signals on L1 and
L2 frequencies and more recently also on the third fre-
quency, called L5. Moreover, there is a new civil code on
L2 called L2C, which is expected to provide better per-
formance than the encrypted P code mainly under iono-
sphere irregularities and other signal disturbances.

The GPS observables are subject to several sources of
errors of which the ionosphere is the largest one for single-
frequency users. Other effects such as tropospheric delay
and multipath also disturb the quality of the signal. The
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main effect caused by ionosphere is a function of the total
electron content (TEC). However, variations in the electron
density along the ionospheric layers cause ionospheric
scintillation generating variations in amplitude, phase,
polarization and angle of the GPS signal. The effects of
ionospheric scintillation are stronger in the equatorial and
high-latitude geomagnetic regions where the occurrence is
usually due to the equatorial anomaly and geomagnetic
storms, respectively (Aquino et al. 2009; Maini and
Agrawal 2007; Davies 1990; Conker et al. 2002).

Several investigations regarding the L2C observable
have been carried out recently. In al-Fanek et al. (2007),
pseudoranges derived from L2C code and carrier phases
were assessed by means of carrier to noise (CNO), multi-
path, phase tracking and other analyses. The application of
L2C to estimate ionospheric effects in positioning, aiming
to improve the ambiguity solution, was carried out by
Wang and O’Keefe (2010). Sreeja et al. (2013) analyzed
the correlation between L1C/A and L2C as a function of
scintillation indices and receiver lock time among others.

We investigated the L2C performance taking into
account the time series of scintillation indices S4 and
Phi60, multipath RMS and receiver lock time, and assess
the results for precise point positioning (PPP) by using GPS
data under conditions of weak, moderate and strong iono-
spheric scintillation. The lock time indicates the time
interval in seconds that the carrier phase is tracked con-
tinuously without occurrence of cycle slips (Hinks et al.
2008). The GPS data and also the scintillation index and
lock time were provided by Septentrio PolaRxS-PRO
receivers deployed in Brazil within the context of the
project CIGALA/CALIBRA (Concept for Ionospheric
Scintillation Mitigation for Professional GNSS in Latin
America/Countering GNSS high Accuracy applications
Limitations due to Ionospheric disturbances in BRAzil)
sponsored by the European Commission as part of the FP7-
GALILEO-2009-GSA and FP7-GALILEO-2011-GSA
projects. Although the observables available to the exper-
iments are collected by Septentrio PolaRxS-PRO recei-
vers, the use of other kind of receivers may provide
observables with different properties due to the proprietary
L2C tracking characteristic. We study the performance of
L2C under ionospheric scintillation conditions involving
the analysis of S4 and Phi60 indices, lock time, multipath
and kinematic PPP using either codes only or code and
phase measurements together.

Characteristics of the GPS observable
The L2C observable has been available since the launch of

the first Block IIR-M satellite in 2005, which started the
process of GPS modernization. As part of the modernization,
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the legacy C/A and P(Y) codes on L1 are supplemented by a
new military code L1M, while the L2 carrier is modulated by
the legacy P(Y) code, a new military L2M and a new civil
L2C code. The L5 carrier available in the Block IIF satellites
is modulated by the L5C code (IS-GPS-200G 2012). There
are seven Block IIR/IIRM satellites (PRN: 05,07, 12, 15, 17,
29, 31) and four Block IIF satellites (PRN: 01, 24, 25, 27)
transmitting L2C codes as of the second half of 2013. The
new GPS signals apply a modulation known as binary offset
carrier (BOC), which is a variation of the spread technique
called direct-sequence spread spectrum (DSS). The BOC
modulation is also being used by the Galileo system (Kaplan
and Hegarty 2006; Galileo OS-SIS-ICD 2010). Table 1
summarizes the characteristics of the currently GPS signals.

As can be seen in Table 1, the L2C consists of the civil
moderate (CM) and civil long (CL) codes. The former
employs a binary sequence that repeats every 10,230 chips
while for the CL code the sequence repeats every 767,250
chips. The L2C code is transmitted at frequency
511.5 kHz, and the CM and CL codes repeat every 20 ms
and 1.5 s, respectively (Kaplan and Hegarty 2006; IS-GPS-
200G 2012).

The L2P(Y) code is generally collected by most civilian
receivers applying semicodeless techniques, which can
amplify multipath errors and degrade phase track capabil-
ities resulting in frequent loss of lock mainly for low-ele-
vation satellites and under ionospheric scintillation
conditions. Therefore, it is expected that L2C will present a
better performance than L2P(Y) when applied for GPS
positioning under such conditions.

Ionospheric scintillation effects

Tonospheric scintillation in the equatorial regions is related
to the equatorial anomaly whose peak electron density can
occur near 21-h local time in maximum solar activity
periods. Ionospheric bubbles are also formed in this region
soon after sunset, and the small irregularities in such
bubbles become a source of intense ionospheric scintilla-
tion effects (Skone et al. 2001).

The ionospheric scintillation can be quantified by the
amplitude scintillation index S4 and the scintillation phase
standard deviation o4. The $4 index can be computed from
satellite signal power or signal intensity (SI) tracked in the
receiver and can be interpreted as normalized standard
deviation around the intensity average (Van Dierendonck
2001):

“_ \/E{SIZ} - EZ{SI}Z
E{S1}

(1)
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Table 1 Summary of the GPS . . -

signals characteristics Signal Frequency (MHz) Modulation type Data type
LIC/A 1575.42 BPSK Civil
LI1C 1575.42 BOC Civil
LIP(Y) 1575.42 BPSK Military
LIM 1575.42 BOC Military
L2C (CM and CL) 1227.60 BPSK Civil
L2P(Y) 1227.60 BPSK Military
L2M 1227.60 BOC Military
L5C (I5 and Q5) 1176.45 BPSK Civil
Source: IS-GPS-200G

Table 2 Ionospheric scintillation levels p Magnetic Equator

Strong scintillation S4>1.0 Phi60 > 0.8

Moderate scintillation 05<84<10 0.4 < Phi60 < 0.8 L } ﬂ/{ %

Weak scintillation S4 < 0.5 Phi60 < 0.4

, .
. . . \t _,'—\,._ _/"\W
where E{-} is the mathematical expectation (average) over & ‘Jﬁ_
some interval, say 60 s for a sample rate of 50 Hz. \\L )

The phase standard deviation o (radians) is calculated
by using the 50-Hz detrended phase measurements, which
are obtained through the high-pass Butterworth filter. The
o4 values are computed at the specific intervals (1, 3, 10,
30 and 60 s), and an average provides a ¢ value for every
minute, which is labeled Phi60 (Van Dierendonck 2001).
Based on Phi60 or S4 indices, the ionospheric scintillation
can be classified as weak, moderate or strong as can be
seen in Table 2 (Tiwari et al. 2011).

The CIGALA/CALIBRA network is equipped with
ionospheric scintillation monitor receivers (ISMRs) that
are capable of collecting GNSS data at a sample rate of
50 Hz and generating hourly files containing such quanti-
ties as scintillation indices S4 and Phi60, lock time, satel-
lite elevation angles and TEC. These data are essential for
accomplishing the experiments discussed in the next
section.

Experiments

We analyzed the S4 index, Phi60, lock time and multipath
and carried out GPS PPP using the L2C observable. The
experiments took advantage of the CIGALA/CALIBRA
network in Brazil (Fig. 1), which covers the equatorial
anomaly region. The data sets collected by Septentrio
PolaRxS—PRO receivers were chosen taking into account
the ionospheric scintillation conditions and the largest
number of satellites tracking L2C data which ranged from
5 to 7 satellites. In all experiments, only data from satellites
providing L2C were used. Data from stations PALM,

A Current Stations
A Future Stations

Fig. 1 Stations used in the experiments. Source http://is-cigala-
calibra.fct.unesp.br/is/stations/fixed.php

PRUI, SICU and MAC2 were selected for August 29
(DOY 241), 2013, and November 25 (DOY 329), 2013.

For GPS positioning, the data were initially processed
using only pseudoranges and then combined code and
carrier phase observations. In both cases, the ionosphere-
free linear combination was utilized. The S4, Phi60, lock
time and multipath analysis will be shown in the next
section followed by the PPP results and analysis.

Analysis of L2C observable under ionosphere
scintillation effects

The ionospheric indexes analysis for stations PALM,
PRU1, SJCU and MAC2 on DOY 241 and 329 of 2013 is
presented. Figure 2 shows the S4 and Phi60 values for L2C
code for all selected stations. The mask angle is 10° for all
satellites. This angle was chosen to be in agreement with
that used in the PPP data processing.
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Fig. 2 Scintillation indices S4 and Phi60 for L2C. Horizontal axis is UTC

Analyzing the indices for the DOY 241 in Fig. 2, it is
seen that the S4 and Phi60 values are smaller than 0.5 and
0.4, respectively, for all stations, which means that the GPS
observables were probably collected under conditions of
weak ionospheric scintillation (Table 2). For DOY 329, the
S4 values are generally between 0.5 and 1.0 and Phi60 is
between 0.4 and 0.8 for stations PALM, SICU and MAC2,
which indicates conditions of moderate ionospheric scin-
tillation. However, for PRU1 at DOY 329, the S4 and
Phi60 reached values greater than 1.0 and 0.8, respectively,
indicating that the GPS data were observed under condi-
tions of strong ionospheric scintillation.

Figure 3 shows the lock times for LIC/A and L2C at
each station for both days. The L2C lock time for stations
PRUI1 and MAC2 in DOY 241 (left panel) shows gaps in
the first 5 min of each hour. The gaps occur because the
Septentrio PolaRxS—PRO receiver validates its outputs by
checking the C/NO values with a certain threshold, which
in case of the CIGALA project was found to be slight
conservative causing such gaps (Sreeja et al. 2013). PALM
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and SJCU did not show such gaps on DOY 241. However,
for SJCU several complete resets for L2C lock time were
observed. Such resets seem to be related to the fact that
GPS L2C signals are characterized by a lower transmission
frequency with respect to L1C, as well as the lower signal
transmission power (2.3 dB weaker than GPS L1C) (Sreeja
et al. 2013). The lock times for L1C/A and L2C in DOY
329 show similar results for all stations, with many gaps for
the same satellite, indicating that in conditions of strong
scintillations the L1C/A and L2C observables are similarly
affected.

Observing the time series in Figs. 2 and 3, it is possible
to correlate the S4 indices with the lock time. Figure 4
shows the time series of S4 and lock time for L2C at station
PRUI for DOY 329. The receiver experienced loss of lock
time regarding satellites PRNOS, PRN12 and PRN31 as a
function of increasing S4. However, in some cases a strong
S4 did not result in loss of lock time, for instance see
satellites PRN 25 and PRN 29. The same behavior of S4
indices and lock time was observed for tracked L1C/A.
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Even though the panels present S4 and lock time series
only for PRUI1, the same behavior was observed at the
other stations for some of the satellites, indicating that
sometimes the lock time can be correlated with S4 index.

The multipath for L1 and L2 carriers was computed by
using the TEQC (Translation Edition Quality and Control)
program. The equations to compute multipath can be
written as (Estey and Meertens 1999):
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MPI:P1—<1+%>¢>1+<0631)¢2 (2)

Yot (25) e 3

where MP1 and MP2 are the multipath in L1 and L2.
Further, Py = P /s and Py = Py 5c/p(y) are the pseudor-
anges in L1 (C/A) and L2 (L2C/P(Y)), ¢, and ¢, are the
carrier phases in L1 and L2, and o = (f; /f2)*.

The multipath values were computed based on (2) and
(3). The following notation is used: MC1 (L1C/A), MP2
(L2P(Y)) and MC2 (L2C). Figure 5 shows the daily mul-
tipath RMS for the selected stations and DOY 241 and 329.
The daily multipath RMS values for MC2 are in general
smaller than those for MP2 for most of the satellites at all
stations during DOY 241. The multipath errors for MC1
and MC2 show similar results, which is expected consid-
ering the characteristics of both signals (al-Fanek et al.
2007). However, for DOY 329, whose data are under
moderate to strong ionospheric scintillation effects, the
multipath RMS for MC2 did not follow the same behavior
as in DOY 241 showing worse values compared to MC1
and MP2 for some satellites, indicating that the MC2
multipath is strongly influenced during the occurrence of
ionospheric scintillation.

2
MP2:P2—< “1

o

GPS data PPP processing

The GPS data were processed using the in house RT_PPP
software, which applies recursive least squares for static
and kinematic PPP computations (Marques et al. 2014).
The tropospheric errors can be corrected based on mathe-
matical models only or corrected by the model and the
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residual part estimated as a random walk process. The first-
order ionospheric effects can be eliminated by applying the
ionospheric-free linear combination or estimating the
ionospheric effects. The software includes processing
options for absolute phase center variation (PCV) for
receiver and satellites, phase windup, relativity effects,
ocean tide loading (OTL), earth body tides (EBT) and
precise satellite orbits and clocks (Kouba and Héroux
2001; Seeber 2003; Leick et al. 2015; Kaplan and Hegarty
2006). The ambiguities are estimated as float solution.
When a cycle slip is detected, the ambiguity parameter is
reinitialized. Adjustment quality control is based on the
detection, identification and adaptation (DIA) method as
described by Teunissen (1998).

Despite the fact that the S4 and Phi60 indices have been
analyzed considering intervals of 60 s, the GPS data were
processed at a rate of 15 s. The data were processed in the
PPP mode applying epoch-by-epoch solution for coordi-
nates and receiver clock error, called kinematic PPP, even
though the stations are static when collecting GPS data.
The cutoff elevation mask was again 10°. Two different
strategies were applied. In the first strategy, the iono-
spheric-free combination for code data was processed,
combining P; c/s and P, p(y) pseudoranges and then com-
bining P;c/a and Prpyc pseudoranges. In the second
strategy, the ionospheric-free code and phase data were
processed combining Py /s and P, p(y) pseudoranges and
L1 and L2 carrier phases ¢, and ¢, and then P; /5 and
P;12c pseudoranges and respective phases.

When using kinematic PPP in the RT_PPP software
with code and phase data, the ambiguities are not estimated
epoch by epoch, but the coordinates are. The phase ambi-
guity parameters are estimated in an accumulative solution
in recursive least squares and treated as random constant

SICU MAC2
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Fig. 5 Daily multipath RMS (in meters). Horizontal axis denotes satellites PRN
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process (Teunissen 2001). The tropospheric delay was
corrected using the Hopfield model plus the global pressure
and temperature (GPT) function (Boehm and Schuh 2004;
Boehm et al. 2006). The PPP solution was carried out using
final IGS orbits and clocks (30 s), absolute PCV, EBT,
OTL, DCB, phase windup and relativity corrections. The
stochastic model was applied based on the adopted preci-
sion of the observables and weighted by the inverse sine of
the satellite elevation angle (Silva et al. 2010). The stan-
dard deviation of each undifferenced observable was
adopted as ap; c/a = 0.8; gpa1acorp(y) = 1.0; o1 = 0.008
and o4 = 0.010 m, respectively, for L1C/A, L2C or
L2P(Y) pseudoranges and L1 and L2 carrier phases and
then propagated for the ionospheric-free combination. No
correlations among the observables were taken into
account. The estimated coordinates were compared with
ground truth coordinates, and the time series of ‘errors’ in
the local geodetic system (DE, DN and DU—East, North
and Up) were evaluated.

Figure 6 shows the coordinate errors estimated in the
kinematic PPP processing using the ionospheric-free code
functions. The figure shows that in general the time series
errors show less dispersion when using P, ,c compared to
P, p(y) for both days. One can also see some peaks in the
time series for stations SJCU and MAC2 on DOY 329
reaching values near 30 m with maximum peak of up to
150 meters. The occurrence of these peaks is related to
maximum ionospheric scintillation intensity affecting some
satellites, as can be seen in Fig. 2.

It is also important to analyze the number of satellites
tracking P, ,c observable at each station. Figure 7 shows
the satellite number for each station during the period
involved in the PPP processing with ionosphere-free code
observations. The figure shows that the number of satellites
tracked at PALM ranged from 5 to 7, whereas in general
for the other stations the range is 5-6. Considering DOY
329 with moderate to strong ionospheric scintillation, some
satellites experienced greater variability due to loss of lock
time (Fig. 3) or outliers, which probably caused some
peaks in the times series of coordinate errors mainly for
stations SJCU and MAC?2 as shown in Fig. 6.

Table 3 shows the daily RMS of the estimated coordi-
nates and the improvements when using P, y,c instead of
P, p(yy with code data processed in the kinematic PPP. The
daily RMS (code only) as shown in the table confirms that
the results improve when using P;1ac instead of P, py).
The minimum and maximum improvement in RMS for
DOY 241 was approximately 13 and 19 %, while for the
DOY 329 the values are about 8 and 33 %.

Figure 8 shows the time series of errors in kinematic
PPP using ionospheric-free code and phase functions. We
see that for DOY 241 under weak ionospheric scintillation

the DE, DN and DU are smaller when using P, ¢ rather
than P, p(y). The same behavior does not apply to DOY 329
under moderate to strong ionospheric scintillation effects
where the error time series presented reaches up to 17 m,
for instance, at PRUT station, which can be related to cycle
slips keeping in mind that in such cases the ambiguity
parameters are reinitialized. In general, one can see that the
estimated coordinates in kinematic PPP are more affected
by code and phase measurements collected under moderate
to strong ionospheric scintillation conditions.

The statistics for the kinematic PPP using ionospheric-
free code and phase is given in Table 4. It is possible to
verify that applying P oc instead of P,py) in DOY 241
(weak ionospheric scintillation) the daily RMS improves,
varying from about 0.5-44 %. However, for DOY 329
with moderate to strong ionospheric scintillation effects
the application of P,jsc provided no improvements in
PPP. In contrast, the application of P, p(y) presented better
daily RMS rather than P,y,c, which is unlike of all other
results.

GPS data from other days during the year 2013 were
also processed in kinematic PPP mode considering the
same strategies as adopted above. These additional exper-
iments were carried out in order to analyze more data
intervals under different ionospheric scintillation condi-
tions. Six days were chosen for stations PALM, PRU1 and
SICU. At MAC2, there were GPS data available only for
4 days during the chosen period. The 3D RMS and
improvements in the PPP processing with ionospheric-free
combination for code and code plus phase can be seen in
Table 5.

Table 5 shows that the ionospheric-free code solutions
improved in all cases using P,jsc compared to using
P p(y), reaching maximum improvement of about 22 % for
SJCU in DOY 223. The ionospheric-free code and phase
solutions using P, 1 »c resulted in improvements for most of
cases; however, only for DOY 223 at station PRU1 did the
solution not improve for data under weak scintillation. In
most of the other cases, no improvement in PPP processing
with code and phase observations occurred for days with
moderate ionospheric scintillation level.

Conclusions

We analyzed GPS L2C code observations for periods with
weak, moderate and strong ionospheric scintillation effects
in order to assess the L2C performance for positioning.
Data from stations PALM, PRU1, SICU and MAC?2 of the
CIGALA/CALIBRA network were analyzed in terms of
ionospheric scintillation indices, lock time, multipath RMS
and accuracy of kinematic PPP positioning.

@ Springer



146

GPS Solut (2016) 20:139-149

Fig. 6 Coordinate errors (in DOY 241 DOY 329
meters) for kinematic PPP using .
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Fig. 7 Number of satellites with L2C tracked at stations PALM, PRUI,

For DOY 241, 2013, which had weak ionospheric scin-
tillation effects, the daily multipath RMS of L2C showed
generally smaller values than MP2 for most of the satellites
and all stations. The RMS multipath for the civil signals L1C/
A and L2C showed quite similar results. However, for DOY
329, which had moderate to strong ionospheric scintillation
effects, the RMS multipath for MC2 showed worse values
compared to MC1 and MP2 for some satellites, indicating
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SICU and MAC?2. Horizontal axis is UTC

that MC2 multipath can be strongly influenced during
occurrence of ionospheric scintillation.

Analyzing the times of continuous L2C lock, some sta-
tions presented several gaps that can be explained by the
C/NO threshold applied in the Septentrio PolaRxS—-PRO
receiver. The lock time for L1C/A and L2C for DOY 329
showed similar results, with many gaps and resets for the
same satellites, indicating that, in conditions of strong
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Table 3 Kinematic PPP daily RMS for P,1,c and P, p(y) solutions using ionospheric-free code observables
Station DOY 241 DOY 329
RMS (m) RMS (m) Improvement (%) RMS (m) RMS (m) Improvement (%)
Py c/as Papeyy Pi.c/as Paioc Pi.cias Papeyy Pic/as Parac
PALM 1.55 1.36 12.6 1.60 1.47 8.3
PRU1 2.48 2.05 17.1 2.28 1.83 19.8
SJCU 2.53 2.06 18.7 3.65 3.29 9.8
MAC2 3.09 2.50 19.1 4.56 3.06 329
Fig. 8 Coordinate errors DOY 241 DOY 329
(m.eter.s) in the PPP processing P esni Py, by 0156, PLeni Py iacs 915 92 Py e/ni Py by 01502 ProaiPyiaci 9159,
using ionospheric-free code and 10
phase observables. Horizontal 5
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Table 4 Daily RMS of kinematic PPP and improvements using ionospheric-free code and phase observations

Station DOY 241 DOY 329
RMS (m) RMS (m) Improvement (%) RMS (m) RMS (m) Improvement (%)
Pic/a; Papy); Py c/a; Parac; Pic/a;i Papy); Pic/a; Paracs
¢, and ¢, ¢1 and ¢, ¢1 and ¢, ¢y and ¢,

PALM 0.43 0.43 0.5 0.79 0.84 —6.2

PRU1 0.58 0.51 10.7 0.90 1.64 —81.0

SJICU 1.05 0.59 43.7 1.33 1.60 —20.1

MAC2 0.70 0.57 18.6 1.27 1.40 —10.3

scintillations, the lock time of L1C/A and L2C observables is
similarly affected. Loss of lock occurred more frequently for
the day with moderate to strong ionospheric scintillation,
showing a noticeable correlation with the number of satel-
lites available for PPP processing. The variability in number

of visible satellites, mainly for stations SJCU and MAC?2,
degraded the estimation of coordinates in PPP processing.
The experiments in the coordinates domain considering
kinematic PPP for static stations were carried out using
ionospheric-free combinations for codes (Pjc/a and
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Table 5 Daily RMS of kinematic PPP for additional experiments

Station DOY 3D RMS (m) 3D RMS (m) Improvement 3D RMS (m) 3D RMS (m) Improvement Scintillation
Picias Papeyy Pic/as Parac (%) Pl,C/A;Pz,P(Y)§ PI,C/A:,PZ‘LZC? (%) level
é1; 2 P15 P2

PALM 217 1.44 1.35 6.0 0.67 0.60 10.5 Weak
223 1.44 1.37 4.9 0.76 0.63 17.3 Weak
229 1.50 1.37 9.0 0.75 0.58 23.1 Weak
302 1.57 1.53 2.8 0.55 0.57 —4.0 Moderate
318 1.78 1.42 20.4 0.95 0.85 9.6 Moderate
338 1.84 1.64 10.6 0.65 0.67 -2.9 Moderate

PRU1 217 2.55 2.42 5.1 1.16 1.02 12.0 Weak
223 2.61 2.39 8.4 1.11 1.35 —22.2 Weak
229 2.51 2.07 17.6 0.81 0.58 28.4 Weak
302 2.36 2.14 9.1 0.76 0.66 12.8 Moderate
318 2.10 1.75 16.6 1.01 0.85 16.3 Moderate
338 2.44 2.18 10.8 1.58 1.67 —-5.7 Moderate

SICU 217 2.61 2.18 16.5 1.21 0.75 38.2 Weak
223 2.90 2.27 21.7 1.70 1.00 41.3 Weak
229 2.42 2.18 9.6 0.84 0.65 22.8 Weak
302 2.60 2.15 17.2 1.24 1.10 11.2 Moderate
318 2.07 1.79 13.4 0.95 0.91 3.7 Moderate
338 2.00 1.77 11.5 1.22 1.23 —1.5 Moderate

MAC2 229 2.55 2.47 32 0.85 0.51 40.7 Weak
302 2.69 2.18 19.0 1.24 0.86 30.9 Weak
318 2.79 2.69 3.8 1.88 1.85 1.4 Moderate
338 3.39 241 28.7 1.27 0.53 58.6 Weak

P> py); Pic/a and Paroc), followed by combining codes
and phases (Py c/a, P2p(y), @1, 925 Pic/as Paracs @1, ¢2).
The daily RMS of coordinates estimated using only codes
showed improvements for weak and strong scintillation
effects, reaching maximum of about 33 % when using
P> 1ac instead of P, piy) in DOY 329. PPP using code and
phase measurements presented improvements at times with
weak ionospheric scintillation (DOY 241) reaching the
maximum of about 44 % when P,1,c was applied. How-
ever, under strong ionospheric scintillation effects (DOY
329) the daily coordinates RMS values reversed, i.e.,
P, p(y) provided better solutions than L2C.

The analysis was expanded by an additional 6 days of
GPS data for stations that experienced weak and moderate
ionospheric scintillation effects. In all cases, PPP posi-
tioning with code data improved the results up to about
22 % when using P;jyc instead of P;p(y). However, in
some cases with code and phase data collected under
moderate scintillation effects the PPP daily RMS applying
P, p(y) provided better values than P, c.

The experiments carried out in this research lead the
conclusion that under weak ionospheric scintillation the

@ Springer

L2C performance is considerable better in positioning
when using only codes and also when combining code and
carrier phases. However, the daily RMS of the estimated
coordinates was degraded in most of cases when using
code and carrier phases under moderate to strong iono-
spheric scintillation effects, showing that under such con-
ditions the L2C signal can be strongly influenced.
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