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Abstract: Ionospheric scintillation is one of the main error sources of Global Navigation Satellite
System (GNSS) positioning. The presence of scintillation may result in cycle slips, measurement
errors or even losses of lock on satellites, eventually leading to complete failure of positioning. Typi-
cally, scintillation parameters S4 and σφ are used to characterize amplitude and phase scintillation,
respectively. However, the scintillation parameters can only be generated from data with a frequency
of at least 1 Hz. Rate of change of total electron content index (ROTI) is often used as a proxy for
scintillation parameters, which can be obtained from 1/30 Hz data. However, previous research
has shown the inefficiency of ROTI to represent scintillation. Therefore, the multipath parameter
(MP) has been proposed as another proxy for scintillation parameters, which can also be obtained
from 1/30 Hz data. In this paper, both MP and ROTI (standard parameters) were used to mitigate
scintillation effects on precise point positioning (PPP). To evaluate the effectiveness of MP and ROTI
in mitigating scintillation effects, S4 and σφ were also used for comparison and validation. Three
strategies are proposed: (1) remove all observations from the satellite that is most affected by scintil-
lation; (2) remove the scintillation-affected observations; (3) weight the measurement noise matrix
in the Kalman Filter (KF) process. The results show that the observation removal and weighting
strategies are considerably more effective than the satellite removal strategy. The results also show
that the improvement of PPP outputs reaches 93.1% and the performance of standard parameters is
comparable to that of scintillation parameters in the observation removal and weighting strategies.

Keywords: GNSS; scintillation parameters; mitigation; multipath; ROTI

1. Introduction

Ionospheric scintillation can lead to a variety of effects on the Global Navigation
Satellite System (GNSS), including cycle slips, measurement errors and even loss of lock
on satellites, which reduces the number of available satellites tracked by GNSS receivers.
The geomagnetic storm is one of the main causes of scintillation [1,2]. According to
Luo et al. [3], more than 70% of cycle slips were caused by strong scintillation. Furthermore,
the phase lock loop (PLL) cannot recover after a long time period of cycle slips under
strong scintillation, which leads the baseband signal power to decrease by more than 13
dB [4]. Thus, the PLL frequency is further detuned and as a consequence the signal is
completely lost. Even worse, such conditions cannot be avoided under strong scintillation,
even when using high-grade GNSS receivers. Therefore, the satellite geometry is degraded
or the positioning may even fail due to having fewer than four satellites in view. Thus,
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mitigation of the ionospheric scintillation effects is important, especially in equatorial and
auroral areas.

A variety of methods have been proposed to mitigate the effect of scintillation on
GNSS positioning. The effect of scintillation can be mitigated effectively using these
methods. However, most of these methods employed scintillation parameters S4 and
σφ, which are respectively used to characterize amplitude and phase scintillation [5].
Aquino et al. [6] modelled the tracking error variance of GNSS receiver delay locked loop
(DLL), based on Conker et al. [7]. The variances were used to weight the pseudorange
measurements in the least squares stochastic (LSS) model and the root mean square (RMS)
of height was improved by up to 21%. Furthermore, the tracking error variance of the PLL
was also applied to weight the carrier phase measurements in the LSS model, where the
improvement of height RMS increased to 38% [8]. However, the Conker model is invalid
when S4 (L1) exceeds 0.707. Additionally, it is not easy to obtain the spectral strength and
slope required for computing the tracking error variance component relevant to the phase
scintillation, especially for high frequency signals. Thus, a modified version of the Conker
model, named the Conker’ model was proposed, where S4’ is derived instead of S4 [9]. In
the Conker’ model, the normalization of the signal-to-noise ratio (SNR) was implemented
at each second in S4’ instead of each minute in S4 [9]. Using the Conker’ model, the
positioning performance can be substantially improved under strong scintillation. In
addition, Sreeja et al. [10] applied the α-µ model [11] instead of the Conker model to
calculate the tracking error variances of the DLL and PLL; adjustment to the weights of the
LSS model improved the 3D RMS by 62–75%. Moreover, Bougard et al. [12] managed to
detect and exclude scintillation affected satellites during the positioning process, using a
technique called receiver autonomous integrity monitoring (RAIM) which substantially
improved the resilience of precise point positioning (PPP) to scintillation. Even with these
methods, loss of signal lock and cycle slips are still the primary problems under scintillation,
which can be severe when using a single satellite constellation. Therefore, it was proposed
that the data of GPS and GLONASS could be integrated to obtain more reliable positioning
solutions under moderate to strong scintillation [13]. This improved the RMS by 63% in
height and 57% in 3D compared to using GPS alone. By applying an integrated novel
adaptive architecture named MF-On-ARKF, the RMS error (RMSE) of the light of sight
(LOS) phase considerably decreased under both single- and multi-frequency conditions,
which improved the synchronization performance [14].

Scintillation parameters can be generated from data with a frequency of at least
1 Hz [15–18]. Thus, scintillation parameters can be obtained from standard geodetic re-
ceivers. However, 1 Hz data is substantially less available than 1/30 Hz data [19]. The
1/30 Hz data can be acquired from around 500 stations daily, while 1 Hz data can be
acquired from less than 170 stations each day. Furthermore, the International GNSS Service
(IGS) started to provide 1/30 Hz and 1 Hz data in 1991 and 2001, respectively. In addition,
the file size of 1/30 Hz data is substantially smaller than that of 1 Hz data. Therefore, the
ability to use 1/30 Hz data for scintillation research opens opportunities by using archived
data for more detailed studies of past scintillation events.

The rate of change of total electron content index (ROTI) has been used to show the
presence of scintillation instead of the scintillation parameters used in past research [20–24].
In addition, multipath parameter (MP) also has the ability to show a part of scintilla-
tion events [20,25,26]. Both ROTI and MP (standard parameters) can be generated using
1/30 Hz. Based on MP and ROTI, we propose three strategies for improving the positioning
quality of PPP:

1. remove the satellite with the largest MP or ROTI value;
2. remove observations where MP or ROTI values exceed a threshold;
3. weight the measurement noise matrix of the Kalman Filter (KF) using MP or ROTI values.

To evaluate the effectiveness of MP and ROTI, the S4 and σφ values were also utilized
in the three strategies for comparison and validation.



Remote Sens. 2022, 14, 6089 3 of 26

2. Materials and Methods
2.1. Data and Instrumentation

Data for 75 days were collected from three stations (15, 30 and 30 days from SNA0P,
SAO0P and SJCU stations, respectively). SNA0P (2.84◦W, 71.67◦S) is located in Antarctica,
SAO0P (46.65◦W, 23.55◦S) and SJCU (45.96◦W, 23.21◦S) are located in Sao Paulo, Brazil. The
receiver type at SNA0P and SJCU stations is Septentrio PolaRxS 2.9.0 and that at SAO0P
station is Septentrio PolaRxS 2.9.6. Data from 14 days (7, 3 and 4 days from SNA0P, SAO0P
and SJCU stations, respectively) with scintillation were used for the PPP improvement
experiments, where scintillation events were identified using the methods presented in
Li et al. [27]. The 14 days are: 7 September 2017, 8 September 2017, 13 September 2017
(SAO0P station); 4 September 2017, 7 September 2017, 8 September 2017, 13 September
2017 (SJCU station) and 18 February 2016, 2 April 2016, 13 April 2016, 9 May 2016, 6 June
2016, 28 July 2016, 13 October 2016 (SNA0P station).

One day data without scintillation was used to estimate the convergence time of the
PPP software for each station. The scintillation-free data on 29 May 2016 at SNA0P, 1
September 2017 at SAO0P and 1 September 2017 at SJCU were selected (see Section 3.1.1).
MP and ROTI were respectively derived from the 1/60 Hz and 1/30 Hz data, while S4 and
σφ at 1 min interval were generated from the 50 Hz data.

Data from all 75 days were used to generate the mild threshold (MT) and extreme
threshold (ET) that were used to define outliers for the observation removal strategy. This
approach is explained in detail by Li et al. [27] and is summarized below, where MT and
ET are defined as:

MT = Q3 + 1.5IQR (1)

ET = Q3 + 3IQR (2)

IQR = Q3 − Q1 (3)

where Q3 and Q1 are the upper (3) and lower (1) quartiles for height or 3D positioning
errors. MT is mild threshold and ET is extreme threshold.

2.2. Software

PPPH is a freely available MATLAB-based software developed by Bahadur and No-
hutcu [28]. It has also been validated by Bahadur and Nohutcu [28] that the behavior of
PPPH is comparable to that of another PPP software namely GPS Analysis and Position-
ing Software (GAPS-http://gaps.gge.unb.ca/ (accessed on 20 October 2021)). In PPPH,
Hatch–Melbourne–Wübbena and geometry-free combinations are used to detect and fix cy-
cle slips. The ionosphere-free (IF) combination is applied to mitigate first-order ionospheric
error on GNSS. Furthermore, the dry part of the tropospheric error is mitigated by the
Saastamoinen model and the wet part is evaluated using random walk process. In addition,
antenna phase center offsets (PCOs) of GPS and GLONASS satellites are corrected using the
values from the IGS absolute antenna model while those of Galileo and BeiDou satellites are
corrected using the conventional PCO values. For the ambiguity, it is estimated as floating
numbers in the unknown parameters in KF. Thus, the ambiguity mainly affects the accuracy
of measurements during the convergence period. Considering that the code of PPPH is
freely available and open to user’s preferences at all processing steps, we used PPPH
to modify the positioning algorithm and obtain the PPP results. We used MATLAB ver-
sion 2018a (Mathworks® China, https://ww2.mathworks.cn/en/products/matlab.html,
accessed 28 November 2022) to run PPPH and to edit the code.

2.3. ROTI

ROTI was defined by Pi et al. [29] to evaluate the occurrence of scintillation in the
ionosphere. ROTI is estimated at the sampling rate of 1/30 Hz and a time interval of 5 min,
as originally defined by Pi et al. [29]. Additionally, a moving average is applied in the ROTI
calculation so that its time interval is consistent with other parameters.

http://gaps.gge.unb.ca/
https://ww2.mathworks.cn/en/products/matlab.html
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2.4. MP

Multipath is a type of interference to GNSS receivers which is caused by reflected
signals. MP1 and MP2 are parameters defined by Estey and Meertens [30] to quantify the
multipath effect. In this study, MP1 and MP2 are generated using the quality control (QC)
command of the TEQC software on the Receiver Independent Exchange Format (RINEX)
version 2.11 files from the SAO0P station, including both observation and navigation
files [31].

2.5. KF

KF as the core algorithm during the GNSS positioning process is used to increase the
accuracy of positioning by integrating more measurements. There are two major procedures
in KF, prediction and update, which iterate for all the measurements [32]. Figure 1 shows
the flowchart on how to apply KF step by step.
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As shown in Figure 1, the state and covariance matrix were initialized first, where the
covariance matrix is the estimation of state error. Then, following inputting of the dynamic
model and process noise, the state and covariance matrices were predicted based on the
initialized values or the values updated at the previous epoch. After that, the innovation
vector was calculated as the difference between the input values and values generated from
the previous epoch. Next, the Kalman gain was obtained by introducing the measurement
error. Afterwards, the state and covariance matrix were updated using the Kalman gain as
the weight of the innovation vector. The output was used to predict the state and covariance
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matrix for next iteration until all the measurements were processed. Further details of the
Kalman Filter approach are provided in the electronic supporting material.

2.6. Methodology

Before conducting the experiments on scintillation mitigation, the convergence time
of PPPH was estimated. Typically, a day without scintillation is used to evaluate the
convergence time [33]. Thus, the data on 1 September 2017 at SAO0P station, 1 September
2017 at SJCU station and 29 May 2016 at SNA0P station was used for this purpose. The
convergence was defined by An et al. [33] as the positioning accuracy reaching a specific
tolerance, which typically refers to 0.1 m for the Up component. Thus, this defintion of
convergence was applied in this paper. Figure 2 shows the flowchart of the method used to
mitigate scintillation effects. First, the data on the scintillation day was input, where the
scintillation days could be determined with the method introduced by Li et al. [27]. All the
data was applied with an elevation mask of 10◦. Then, the first strategy was conducted,
where the satellite with the maximum value of each reference parameter was removed. As
there were five parameters (MP1, MP2, ROTI, S4 and σφ), this step was repeated five times
in order to compare the effectiveness of different parameters. It shoud be noted that values
of S4 are not high in the Antarctica station SNA0P, which is typical at high latitudes [34].
Thus, S4 was not used for the SNA0P station in the satellite and observation removal
strategies. After that, the processed and original data was input into PPPH to obtain the
height and 3D time series outputs. Based on the PPP outputs, RMSE of both original and
processed data during the period affected by scintillation as well as the corresponding
improvement rates could be calculated. If the scintillation occurs at the beginning of the day,
the RMSE was calculated after the convergence period. When computing RMSE, a reference
coordinate should be input. In this paper, the Natural Resources Canada’s Canadian Spatial
Reference System (CSRS) PPP was used to generate the reference coordinate by inputting
the RINEX file on a day without scintillation [35]. Moreover, the geometric dilution of
precision (GDOP) was generated to investigate the change of position and clock quality
of satellites before and after satellites or observations were removed; this was calculated
with the position of each visible satellite relative to that of the receiver and it started with a
fraction of the design matrix [36]:

G =


(
x0 − x1)/ρ1

0 (y0 − y1/ρ1
0) (z0 − z1)/ρ1

0 c
...

...
...

...
(x0 − xg)/ρg

0
(
y0 − yg)/ρg

0 (z0 − zg)/ρg
0 c

 (4)

where G is the fraction that contains the information of position and clock of satellites.
Then, GDOP was calculated using the covariance of G:

GDOP =
√

σ2
x + σ2

y + σ2
z + σ2

t =

√
trace(

(
GTG

)−1
) (5)

where σx, σy, σz and σt are the RMSEs of the estimated receiver coordinates and clock,
respectively, and trace is the sum of the matrix dagonal. When satellites are far apart, the
geometry is regarded to be strong and low DOP values can be obtained, thus, with a higher
accuracy. Typically, the geometric quality is reliable and acceptable with a DOP value less
than 5 and 10, respectively [37]. To observe the variation in the small values of GDOP,
GDOP values larger than 30 are set to 30.
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For the second strategy we removed outliers, defined as parameter values that ex-
ceeded a threshold. We compared the mild threshold (MT) and extreme threshold (ET) as
thresholds for defining outliers. As different parameters may reflect different scintillation
activities [20], the combination between parameters may cover more data influenced by
scintillation. Thus, a series of permutations and combinations of parameters were used in
observation removals so that the optimal combination could be determined. Standard (MP
and ROTI) and scintillation (S4 and σφ) parameters were applied separately for comparison.
Taking scintillation parameters as an example, there were 3 combinations: (1) S4; (2) σφ;
(3) S4 and σφ. Since there might be outliers in σφ that were not in S4, the combination
of S4 and σφ could cover more outliers, and more outlier removals might lead to more
accurate results. Similarly, there were 7 combinations of standard parameters. It should be
noted that the same idea was not applied to the satellite removal because excessive satellite
removals might result in complete failure of the positioning algorithm when the number
of tracked satellites was less than four. The same procedures as satellite removal were
repeated for the observation removal straegy after inputting into PPPH.
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An additional step in the third strategy was to calculate the IF combination of MP1
and MP2 (MPF) that was used to down-weight the multipath effect as proposed by Mo-
hammed [38]. Though the primary ionospheric error in MPF was mitigated through IF
combination, the cycle slip and corresponding IF ambiguity caused by scintillation could
still affect MPF. As suggested by Roberts [39], it is possible that only one of the carrier phase
and pseudorange observations is affected by scintillation, where the carrier phase is more
susceptible to scintillation [40]. On the contrary, the effect of multipath on pseudorange
observations is considerably greater than that on carrier phase observations. Furthermore,
MPF was used mainly to characterize multipath, but also to describe scintillation and ROTI
was used mainly to characterize ionospheric activity. Based on these propositions, MPF was
applied to weight the IF combination of pseudorange observation and ROTI was applied to
weight the IF combination of carrier phase observation in PPP, which could achieve the best
improvement as compared with other weighting strategies. In addition, S4 and σφ were,
respectively, used to weight pseudorange and carrier phase as S4 was calculated based
on signal intensity and σφ was obtained from signal carrier phase, which in turn were
the influence factors, respectively. of pseudorange and carrier phase. In the Kalman filter
(KF), the weights of observations were dependent on the measurement error covariance
matrix R introduced in [32]. Assume that the numbers of pseudorange and carrier phase
observations are both n. Thus, R could be initiated with an 2n-by-2n identity matrix as
below [32]:

R =

1
. . .

1


2n×2n

(6)

Then, an initial weight dependent on the a priori standard deviation (SD) of measure-
ments was multiplied to each value on the diagonal of R [32]:

R =


Pw,0

Lw,0
. . .

Pw,0
Lw,0


2n×2n

(7)

Pw,0 = SD2
0,P·
(

f2
1

f2
1 − f2

2

)2

(8)

Lw,0 = SD2
0,L·
(

f2
1

f2
1 − f2

2

)2

(9)

where SD0,P and SD0,L are the a priori SDs of code and phase measurements, respectively,
typically 3 m and 0.03 m, respectively [32,41]; Pw,0 and Lw,0 separately indicate the initial
weight for code and phase measurements. After that, a weight method dependent on
satellite elevations is typically used:

R =


Pw

Lw
. . .

Pw
Lw


2n×2n

(10)

Pw = Pw,0·
1.001√

0.002001 + sin2(ele)
(11)
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Lw = Lw,0·
1.001√

0.002001 + sin2(ele)
(12)

Next, the code and phase measurements were respectively weighted by MPF and
ROTI or S4 and σφ for down-weighting the signal affected by scintillation:

R =


Pw,scin

Lw,scin
. . .

Pw,scin
Lw,scin


2n×2n

(13)

Pw,scin = Pw·MPF or Pw,scin = Pw·S4 (14)

Lw,scin = Lw·ROTI or Lw,scin = Lw·σφ (15)

where Pw,scin and Lw,scin were the weights for down-weighting the scintillation effect
respectively on code and phase measurements. The proposal of these two weights is the
primary novelty in the weight strategy proposed in this paper. After the weighting process,
the same procedures as previous strategies were repeated for the weight strategy after
inputting into PPPH.

3. Results

The results of 14 days with scintillation used in the PPP improvement experiment are
presented. Since a large number of graphs were generated from all 14-days data, graphs on
13 September 2017 at SAO0P station are shown as an example for visualization in Section 3.1
and the results on all the days were statistically tabulated and analyzed, as presented in
Section 3.2.

3.1. Visualization Example

The convergence time was estimated using the scintillation-free data on 29 May 2016
at SNA0P, 1 September 2017 at SAO0P and 1 September 2017 at SJCU in Section 3.1.1. The
relationship between standard and scintillation parameters on 13 September 2017 at SAO0P
station has already been investigated by Li et al. [20], where the scintillation occurred
during the first three hours. In Section 3.1.2, RMSE and GDOP changes of PPP positioning
outputs before and after removing satellites with the strongest scintillation are presented.
For the observation removal strategy, there are 10 combinations (7 for standard parameters
and 3 for scintillation parameters) between parameters for each threshold type, as discussed
in Section 3.2.2 as an example. Thus, in Section 3.1.3, PPP outputs of 4 out of 7 combinations
of standard parameters in the observation removal strategy based on MT are displayed
as an example. The results of other combinations are presented in the statistical results in
Section 3.2. In Section 3.1.4, the RMSE changes of PPP outputs before and after weighting
observations based on scintillation and standard parameters are shown.

3.1.1. Convergence Time Estimation

The height error variation on 1 September 2017 at SAO0P station, 1 September 2017 at
SJCU station and 29 May 2016 at the SNA0P station is shown in Figure 3. The convergence
time at all three stations was approximately 30 min, where the height estimate reached a
stable continuous accuracy of approximately 0.1 m. Thus, the convergence period of 30 min
was applied for RMSE computation in the following results.
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3.1.2. Satellite Removal Strategy

Based on MP1, MP2, S4 and σφ, G10 was considered to be the satellite affected most
by scintillation; G21 was the most affected according to ROTI only on 13 September 2017 at
SAO0P station. As shown in Figure 4, the original and G10-removed PPP height (a) and 3D
(b) errors were compared based on RMSE on 13 September 2017 at SAO0P station. It can be
observed from Figure 4 that the original height and 3D errors display variabillity during
the first ten hours. By comparison, the RMSE of both height and 3D errors barely changed
after G10 was removed, which meant removing G10 did not contribute to error mitigation
though it was the satellite with strongest scintillation according to MP and scintillation
parameters. During the scintillation period, there were 8 to 11 visible satellites including
G10. Thus, removing G10 hardly affected the availability of satellites and the positioning
algorithm. Furthermore, another scintillation satellite G21 was removed according to ROTI
and the same comparison was conducted that is shown in Figure 5. On this occasion, the
RMSE of height and 3D errors were slightly improved, where improvement rates of results
shown in Figure 5a,b are 5.5% and 4.6%, respectively.
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In order to investigate the influence of satellite removal on the GDOP, the GDOP time
series plots before and after removing G10 or G21 are shown in Figure 6. The GDOP values
mostly remain below 5 and all the GDOP values remain below 8. The GDOP values slightly
increased during the first six hours in both graphs and in the last half hour in Figure 6b. As
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aforementioned, there were 8 to 11 satellites available during the scintillation period. In
this case, removing a single satellite has little effect on the satellite geometry and thus, DOP.
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3.1.3. Observation Removal Strategy

As compared with satellite removal strategy, larger improvements in height and 3D
were found when using the observation removal strategy as shown in Figures 7 and 8. It
can be seen that the variability during the period affected by scintillation and the general
deviation from the reference coordinate were further mitigated though the improvement
based on MP2 was not substantial compared with the other parameters. As shown in
Figure 7, it can be seen that using ROTI as the threshold led to the best improvement.
As shown in Figure 8, the combination of MP1, MP2 and ROTI improved the 3D error
more than the others. Improvement rates of results on Figures 7a–d and 8a–d are 59.9%,
27.4%, 87.7%, 80.6%, 59.8%, 0.5%, 80.5% and 81.7%, respectively. The improvements by
observation removal were larger than that by satellite removal, especially when ROTI and
the combination of MP1, MP2, ROTI were applied where the improvement exceeded 80%.



Remote Sens. 2022, 14, 6089 12 of 26Remote Sens. 2022, 14, x FOR PEER REVIEW 12 of 26 

(a) (b) 

(c) (d) 

Figure 7. Comparison between the RMSE (m) of PPP height error of the original state and that after

observation was removed based on the MT of (a) MP1, (b) MP2, (c) ROTI, (d) MP1, MP2 and ROTI.

Units as in Figure 4. The period affected by scintillation is framed in a rectangle. 
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The GDOP changes due to observation removal based on MP1, MP2, ROTI and the
combination are shown in Figure 9a–d, respectively, and were considerably more significant
than that due to satellite removal. The GDOP change in Figure 9a is the smallest. The
change was larger in Figure 9c due to ROTI, where several GDOP values reached or even
exceeded 30. ROTI is more sensitive to scintillation than MP. Thus, ROTI is more likely
to exceed the threshold than MP and it is more likely that corresponding measurements
would be removed, which leads to higher GDOP values. Furthermore, the change was even
more severe in Figure 9d, which is predictable as more observations were removed. Though
ROTI and the combination of MP1, MP2 and ROTI could lead to higher improvements
than the others, the dramatically varying GDOP could lead to a decrease in the reliability
of the results, which could be one of reasons for the lower height improvement with this
combination than with ROTI.
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3.1.4. Weight Strategy

The RMSE improvement results, based on scintillation and standard parameters,
through the weight strategy, are shown in Figure 10. It can be observed that using the
standard parameters improved the RMSE slightly more than the scintillation parameters.
The improvement rates in Figure 10a–d are 71.6%, 72.7%, 73.1% and 73.4%, respectively,
which are comparable to those in Figures 7a–d and 8a–d. Though the best improvements
were larger when applying the observation removal strategy, this led to high GDOP values.
High GDOP values typically indicate close distances between satellites and a low confidence
level of observations from these satellites, which may lead to large position uncertainty [42].
As weighting observations have no effect on the satellite availability, the GDOP remains
unchanged after applying the weight strategy.
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3.2. Statistical Results
3.2.1. Satellite Removal Strategy

The change of height and 3D positioning errors (RMSE) after removing scintillation-
affected satellites based on MP1, MP2, ROTI, S4 and σφ on 14 days at 3 stations are
summarized in Tables 1–3. The improved RMSEs are highlighted in bold. It was observed
that the satellite removal strategy based on MP1, MP2, ROTI and σφ improved the posi-
tioning error on 7, 8, 6 and 5 days, respectively, within 14 days, while S4 improved the
positioning error on 2 of the 7 days. The effectiveness of scintillation parameters was
not higher than that of standard parameters, where S4 is the least effective parameter.
Additionally, the situation exists that removing satellites based on MP can improve the
error while using the other parameters cannot, and vice versa. Furthermore, the height and
3D errors were not always improved simultaneously. The error was improved on 8 out
of 14 days at most, but most improvements were less than 0.05 m or even 0.01 m, where
most of the original errors were at the decimeter level. Hence it can be concluded that the
satellite removal strategy was not effective.
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Table 1. Change of the height and 3D positioning errors (m) through the satellite removal strategy as
represented by the RMSE at SAO0P. Improved RMSEs (m) are highlighted in bold.

Station Date
Original RMSE Reference

Parameters
Removed
Satellite

Satellite-Removed RMSE

Height 3D Height 3D

SAO0P

7 September
2017

0.0144 0.0180

MP1 G25 0.0178 0.0199

MP2 G5 0.0127 0.0139

ROTI G20 0.0141 0.0168

S4
σφ

G21 0.0144 0.0180

8 September
2017

0.6245 0.6422

MP1
S4 G18 0.6274 0.6465

MP2 G10 0.6245 0.6422

ROTI
σφ

G24 0.6077 0.6428

13 September
2017

0.1395 0.1581

MP1
MP2

S4
σφ

G10 0.1390 0.1575

ROTI G21 0.1318 0.1509

Table 2. Change of the height and 3D positioning errors (m) through the satellite removal strategy as
represented by the RMSE at SJCU. Improved RMSEs (m) are highlighted in bold.

Station Date
Original RMSE Reference

Parameters
Removed
Satellite

Satellite-Removed RMSE

Height 3D Height 3D

SJCU

4 September
2017

0.0260 0.0345

MP1 G5 0.0262 0.0271

MP2 G1 0.0263 0.0348

ROTI
σφ

G8 0.0304 0.0381

S4 G27 0.0277 0.0361

7 September
2017

0.0247 0.0311

MP1 G16 0.0294 0.0299

MP2
ROTI
σφ

G24 0.0290 0.0351

S4 G21 0.0310 0.0324

8 September
2017

0.1355 0.3454

MP1
σφ

G18 0.1463 0.3589

MP2 G10 0.1353 0.3456

S4
ROTI G24 0.0737 0.1830

13 September
2017 0.0219 0.0329

MP1
MP2
ROTI

S4
σφ

G10 0.0221 0.0331
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Table 3. Change of the height and 3D positioning errors (m) through the satellite removal strategy as
represented by the RMSE at SNA0P. Improved RMSEs (m) are highlighted in bold.

Station Date
Original RMSE Reference

Parameters
Removed
Satellite

Satellite-Removed RMSE

Height 3D Height 3D

SNA0P

18 February
2016

0.1699 0.2148

MP1 G14 0.1799 0.2247

MP2 G15 0.1726 0.2192

ROTI G24 0.1769 0.2243

σφ G2 0.1750 0.2145

2 April 2016 0.0087 0.0329

MP1 G12 0.0071 0.0330

MP2
ROTI G17 0.0066 0.0326

σφ G14 0.0090 0.0329

13 April 2016 0.8233 0.8521

MP1 G9 1.0379 1.0559

MP2 G21 0.5325 0.6039

ROTI G28 0.6823 0.7235

σφ G15 0.7308 0.7599

9 May 2016 0.4466 0.5796

MP1 G30 0.4087 0.5206

MP2 G31 0.4252 0.5588

ROTI G8 0.4642 0.6033

σφ G21 0.4616 0.5839

6 June 2016 0.5636 1.1350

MP1 G16 0.6796 1.0541

MP2 G1 0.6431 1.1060

ROTI
σφ

G21 0.7575 1.3633

28 July 2016 0.0099 0.0207

MP1 G24 0.0089 0.0212

MP2
σφ

G32 0.0085 0.0303

ROTI G21 0.0112 0.0217

13 October
2016

0.0010 0.0228

MP1 G13 0.0024 0.0266

MP2
σφ

G17 0.0010 0.0231

ROTI G1 0.0014 0.0245
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3.2.2. Observation Removal Strategy

The improvement of height and 3D positioning errors after removing scintillation-
affected observations based on the MT and ET of permutations and combinations of MP1,
MP2, ROTI, S4 and σφ on 14 days at 3 stations are summarized in Table 4. Due to the large
number of combinations (see Section 3.1), results of the observation removal strategy are
summarized in the main article and the detailed results are presented in Tables S1–S28
in the supporting material. Two criteria were used to evaluate the effectiveness of this
strategy: proportion of days with improvement and the best improvement rate. As S4 was
low at the SNA0P station, S4 was only used on 7 days at the other two stations in this
strategy. When S4 was not considered for comparison, the highest proportions of days
showing improvement in height and 3D errors were 8/14 and 11/14, respectively. The
largest best improvement rate in height and 3D errors were 91.7% and 87.9%, respectively,
both obtained with standard parameters. The largest proportion of days (8/14) with
improvement in height errors was obtained by both standard and scintillation parameters.
For 3D errors, the largest proportion of days (11/14) with improvement was obtained
with the scintillation parameters. These results indicate that scintillation parameters could
lead to a higher possibility of improvement and standard parameters could result in a
higher degree of improvement. When MP1 and MP2 were used alone or the combination
of MP1 and MP2 was used, the possibility and degree of improvement were relatively
low. For example, when MP2 was used alone and ET was applied, the proportion of
days with improvement and the best improvement in height errors were 3/14 and 16.3%,
respectively, substantially lower than the others. However, when MP was combined with
ROTI, the improvement was comparable or even higher than when ROTI was used alone.
For instance, when MP1 was combined with ROTI and MT was used, the proportions of
improved days and the best improvement in 3D errors slightly exceeded when ROTI was
used alone. Moreover, σφ was more effective than S4 according to the best improvement
though it is largely because S4 was not high on 7 days at the Antarctica station SNA0P
and can only be applied on the other 7 days. In terms of the proportion of days with
improvement, S4 was comparable to σφ when only considering the 7 days’ data. Hence,
σφ was more effective than S4 in scintillation mitigation.

MT was generally more effective than ET according to both proportion of days with
improvement and also the best improvement. The proportion of days with improved
3D errors was generally higher than that of height errors and the case was contrary for
best improvement rate. Furthermore, when a single reference parameter was applied, the
effectiveness of ROTI and scintillation parameters were comparable. When combinations
were applied, the improvement in effectiveness of scintillation parameters was not sub-
stantial due to low S4 at SNA0P. However, combinations of standard parameters, such as
the combination of MP1 and ROTI were able to further improve the results. For standard
parameters, the combination of MP1 and ROTI was more robust than the others, in the
sense that was able to acquire higher possibility and level of improvement. Thus, it was
possible that the combination of MP and ROTI was able to cover and mitigate more errors
than a single parameter.
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Table 4. Summary of the height and 3D positioning errors improvement through observation removal.

Error Type Threshold Type Parameter Type Permutations and
Combinations

Proportion of Days
with Improvement

Best
Improvement

Height

MT

Scintillation
parameters

σφ 8/14 84.3%

S4 4/7 79.7%

σφ, S4 7/14 83.3%

Standard
parameters

ROTI 8/14 87.7%

MP2 5/14 69.7%

MP1 5/14 59.9%

MP2, ROTI 8/14 88.5%

MP1, ROTI 7/14 91.7%

MP1, MP2 5/14 89.9%

MP1, MP2, ROTI 8/14 90.3%

ET

Scintillation
parameters

σφ 6/14 89.9%

S4 4/7 73.4%

σφ, S4 8/14 90.4%

Standard
parameters

ROTI 8/14 88.2%

MP2 3/14 23.8%

MP1 8/14 53.4%

MP2, ROTI 8/14 84.0%

MP1, ROTI 7/14 82.9%

MP1, MP2 5/14 42.5%

MP1, MP2, ROTI 7/14 82.9%

3D

MT

Scintillation
parameters

σφ 11/14 80.5%

S4 4/7 79.7%

σφ, S4 9/14 83.6%

Standard
parameters

ROTI 8/14 80.5%

MP2 5/14 68.4%

MP1 7/14 59.8%

MP2, ROTI 8/14 87.9%

MP1, ROTI 10/14 82.6%

MP1, MP2 6/14 79.8%

MP1, MP2, ROTI 8/14 85.3%

ET

Scintillation
parameters

σφ 9/14 79.6%

S4 4/7 60.8%

σφ, S4 9/14 81.5%

Standard
parameters

ROTI 9/14 77.9%

MP2 6/14 16.3%

MP1 8/14 75.7%

MP2, ROTI 8/14 86.3%

MP1, ROTI 9/14 79.2%

MP1, MP2 5/14 35.7%

MP1, MP2, ROTI 8/14 83.5%
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3.2.3. Weight Strategy

The improvement of height and 3D errors obtained using the weight strategy on
14 days at 3 stations are presented in Tables 5–7. The improved RMSEs are highlighted
in bold. Scintillation and standard parameters, respectively, improved the height RMSE
on 6 and 8 out of 14 days, where the best improvement rates were 93.1% and 86.1%,
respectively. For 3D errors, scintillation and standard parameters separately improved 3D
RMSE on 8 and 7 out of 14 days, where the best improvement rates were 85.5% and 73.4%,
separately. Thus, in weight strategy, standard parameters were comparable to scintillation
parameters for improving both height and 3D errors according to the proportion of days
with improvement and the best improvement rate. Furthermore, the improvement in
height error was generally larger than that in 3D error.

Table 5. Change of the height and 3D positioning errors through the weight strategy as represented
by the RMSE at SAO0P. Improved RMSEs are highlighted in bold.

Station Date
Original RMSE Parameter

Type
Weighted RMSE

Height 3D Height 3D

SAO0P

7 September 2017 0.0144 0.0180
Scintillation 0.0057 0.0094

Standard 0.0030 0.0104

8 September 2017 0.6245 0.6422
Scintillation 0.0432 0.0930

Standard 0.4053 0.4517

13 September 2017 0.1395 0.1581
Scintillation 0.0396 0.0425

Standard 0.0381 0.0420

Table 6. Change of the height and 3D positioning errors through the weight strategy as represented
by the RMSE at SJCU. Improved RMSEs are highlighted in bold.

Station Date
Original RMSE Parameter

Type
Weighted RMSE

Height 3D Height 3D

SJCU

4 September 2017 0.0260 0.0345
Scintillation 0.0609 0.0615

Standard 0.0168 0.0280

7 September 2017 0.0247 0.0311
Scintillation 0.0052 0.0227

Standard 0.0038 0.0430

8 September 2017 0.1355 0.3454
Scintillation 0.9587 0.9870

Standard 0.2045 0.3538

13 September 2017 0.0219 0.0329
Scintillation 0.1220 0.1436

Standard 0.0101 0.0415
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Table 7. Change of the height and 3D positioning errors through the weight strategy as represented
by the RMSE at SNA0P. Improved RMSEs are highlighted in bold.

Station Date
Original RMSE Parameter

Type
Weighted RMSE

Height 3D Height 3D

SNA0P

18 February 2016 0.1699 0.2148
Scintillation 0.0200 0.0392

Standard 0.0297 0.0613

2 April 2016 0.0087 0.0329
Scintillation 0.0095 0.0189

Standard 0.0714 0.1036

13 April 2016 0.8233 0.8521
Scintillation 0.6557 0.6956

Standard 0.1144 0.3250

9 May 2016 0.4466 0.5796
Scintillation 0.6886 0.7293

Standard 0.7785 0.8130

6 June 2016 0.5636 1.1350
Scintillation 1.9631 2.5657

Standard 2.2798 2.5189

28 July 2016 0.0099 0.0207
Scintillation 0.0193 0.0256

Standard 0.0247 0.0296

13 October 2016 0.0010 0.0228
Scintillation 0.0039 0.0128

Standard 0.0033 0.0156

4. Discussion

Data from 75 days at three stations, SAO0P, SJCU and SNA0P, were used in the PPP
improvement experiments using the freely available MATLAB-based software PPPH. Data
from 14 days with scintillation were investigated using three mitigation strategies for
improving positioning quality. In Section 3.1.1, we evaluated the convergence time for
PPPH at the three stations and concluded that it was around 30 min on a day without
scintillation (Figure 3). Then, a visualization example was given based on the data on 13
September 2017 at SAO0P. In the first strategy, G10 and G21 were found to be the satellites
with the most intense scintillation according to MP1, MP2, S4, σφ and ROTI, respectively.
As shown in Figures 4 and 5, removing G10 scarcely decreased the RMSE for both height
and 3D errors while removing G21 improved the height error by 5.5% height and 3D error
by 4.6%, which is not effective compared to improvements obtained in other strategies.
However, future research could investigate the properties of the removed satellites to
identify which conditions could lead to improvements in PPP. It should also be noted that,
when the number of satellites was high and their geometry was good, the change of GDOP
was not substantial when removing a single satellite, as shown in Figure 6.

More substantial improvements were obtained with the observation removal strategy
as seen in Figures 7 and 8. When using a single parameter as the threshold reference to
remove observations, the improvement based on ROTI was higher than that based on MP1
and MP2; it exceeded 80% and was substaintially more than the improvement through
the satellite removal strategy. One possible reason for this phenomenon was that ROTI
could identify more scintillation-affected observations than MP. Furthermore, when using
a combination of MP1, MP2 and ROTI to remove observations, the height improvement
was larger than that of MP1 and MP2, but smaller than that of ROTI. However, this
combination improved the 3D error more than ROTI alone. A possible reason for this was
that multipath effects are typically more severe at lower elevation. Thus, it is more likely
that multipath contributes to the horizontal error rather than the height error, where the
former is contained in the 3D error. Further, MP can be used to characterize multipath
effects whereas ROTI cannot. Therefore, the combination of MP1, MP2 and ROTI was able
to mitigate, not only scintillation, but also multipath in 3D. In addition, the GDOP was
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considerably influenced in the second strategy, especially when applying the combination
of MP1, MP2 and ROTI, where several GDOP values exceeded 30 during first three hours
as shown in Figure 9. This could be one of reasons why the height improvement using the
combination was lower than that using ROTI.

Compared with the observation and satellite removal strategies, the weight strategy
had no effect on the GDOP, which is one of its advantages. As shown in Figure 10, the
improvements based on scintillation and standard parameters were comparable, which
were also comparable to most of improvements based on the observation removal strategy.
Thus, the weight strategy was more reliable and stable than the other two strategies with
consistently high improvements based on this example.

All the results on 14 days were statistically summarized in Tables 1–7. Compared
with the other two strategies, the satellite removal strategy was relatively ineffective in
improving the positioning error. As shown in Tables 1–3, the highest proportion of days
with improvement was 8 out of 14 days based on MP2. However, most of the improvements
were less than 0.05 m or even 0.01 m, which was not substantial. There were two possible
reasons for this phenomenon. First, it was highly possible that the observations from
the satellite with the maximum parameter value encountered cycle slips, which might
have been detected and repaired by the methods namely Hatch–Melbourne–Wübbena
and the Geometry-Free Combination in the PPH preprocessing, before application of the
positioning algorithm. Alternatively, the outlier detection algorithm in PPPH had identified
and removed the noisy observations from the scintillation satellite in advance [28]. As a
consequence, removing this scintillation satellite scarcely impacted the output. Moreover,
it was possible that multiple satellites were affected by scintillation, hence removing a
single satellite could not effectively mitigate the scintillation effect. However, it would not
be appropriate to remove multiple satellites simultaneously as the number of available
satellites might drop below 4, or the DOP values could be severely affected.

The improvement achieved with the observation removal strategy was more substan-
tial than the satellite removal strategy. As shown in Table 4, the 3D error was improved on
11 out of 14 days based on MT and scintillation parameters, and the largest improvement
in height error was 91.7% based on MT and standard parameters. Hence, it is possible that
scintillation parameters are more likely to lead to improvement in positioning whereas
standard parameters tend to lead to larger improvements in the observation removal strat-
egy. However, the combination of standard parameters can be more effective. For instance,
the combination of MP1 and ROTI could improve the height error more substantially than
scintillation parameters using MT. In this case, standard parameters were able to replace
scintillation parameters. Compared with the satellite removal strategy, the observation
removal strategy was able to remove scintillation-affected observations from multiple
satellites for an epoch once the corresponding parameter value exceeded the threshold.
Furthermore, MT generally led to a higher success rate of improvement and improvement
percentage. As MT was lower than ET, MT removed more observations, which led to
fewer measurements with errors. Therefore, the scintillation effect was more thoroughly
mitigated, which explained the higher effectiveness of applying MT in the observation
removal strategy. However, more observations removed could also lead to a worse satellite
geometry and larger GDP, resulting in the instability of positioning quality [42]. Thus, the
observation removal strategy was less reliable than the weight strategy especially when
MT was applied. There is a tradeoff between choosing MT for a larger improvement and a
higher success rate of improvement, and choosing ET for a better satellite geometry.

As shown in Tables 5–7, though the proportion of days with improvement obtained
with the weight strategy was relatively lower as compared with the observation removal
strategy, the weight strategy was capable of acquiring an even higher improvement, that
is 93.1% in height error. However, the errors considerably increased on 8 September 2017,
13 September 2017 at SJCU and 6 June 2016, 28 July 2016 at SNA0P. The same situation
also occurred for the observation removal strategy as shown in Tables S6, S7 and S12–S14,
which did not occur for the satellite removal strategy. This is partially because the original
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RMSEs were already small on several days, such as 2 April 2016, 28 July 2016 and 13
October 2016 at SNA0P, where the RMSEs did not exceed 0.01 m. This meant that the
positioning performance of PPP was not substantially affected by scintillation on these days.
Hence the presence of scintillation does not always mean that positioning will be affected
and removing or weighting multiple observations simultaneously may even degrade the
positioning performance of PPP. To clarify this, the number of satellites affected by cycle slip
was investigated. Take SAO0P and SJCU, stations close to each other, as an example. The
errors on 8 September 2017 substantially decreased at SAO0P, but substantially increased
at SJCU. During the scintillation period, 4 and 3 satellites were simultaneously affected by
cycle slips at SJCU and SAO0P, respectively, and the numbers of visible satellite were 8 at
both stations. This might indicate that more satellites affected by cycle slip could lead to
the ineffectiveness of the weight strategy. To support this statement, the same investigation
was conducted at SNA0P. During the scintillation period, the number of satellites affected
by cycle slips were 5, 7 and 6 on 13 April 2016, 9 May 2016 and 6 June 2016, respectively,
when the number of visible satellites were 11, 10 and 10, separately. In other words, 6, 3 and
4 satellites were free of cycle slip on the three days, respectively. Further, the improvement
was obtained on 13 April 2016 but not on the other two days. This suggests that, when
fewer satellites were affected by cycle slip, this could provide conditions for the successful
application of the weight strategy. In addition, the elevation angles of satellites affected by
cycle slip were investigated. On 7 September 2017, 8 September 2017 and 13 September
2017 at SAO0P and 7 September 2017 at SJCU, the satellite with the highest elevation
angle was affected by cycle slips less than 4 times when that on 8 September 2017 and 13
September 2017 at SJCU was affected by cycle slips more than 8 times. A satellite with a
higher elevation contributes more to the geometry quality of satellites. Thus, if the high-
elevation satellite is less affected by cycle slips, the satellite geometry should also be less
affected. Therefore, this suggests that it is more likely to obtain improvements with the
weight strategy when the high-elevation satellite is less affected by cycle slips.

Moreover, it was possible that standard parameters worked when scintillation pa-
rameters did not, and vice versa. Furthermore, it was also possible that either standard
or scintillation parameters led to a higher improvement. One possible reason is that MP
included in standard parameters is also able to characterize the multipath effect in addition
to scintillation. Thus, standard parameters are capable of down-weighting more types of
errors. On this occasion, standard parameters should be more effective in scintillation miti-
gation. However, MP and ROTI may sometimes fail to represent scintillation. In this case,
scintillation parameters should be more effective in scintillation mitigation. Thus, standard
parameters and scintillation parameters both have advantages in scintillation mitigation.

As presented in the introduction section, a great deal of research has been conducted
to improve positioning accuracy under the scintillation conditions. By weighting the least
square stochastic (LSS) model, the height positioning accuracy was respectively improved
by 21% and 38% by Aquino et al. [6] and Aquino et al. [8], and the 3D positioning accuracy
was separately improved by up to 77.3% and 75% by Park et al. [9] and Sreeja et al. [10]. In
contrast, by weighting the KF model, the height and 3D error improvements, respectively,
reached 93.1% and 86.1% in this paper, which were substantially higher as compared
with the results obtained by Park et al. [9] and Sreeja et al. [10]. Moreover, scintillation
parameters were required in all these methods when standard parameters (MP and ROTI)
with comparable performance were alternative in the method used in this paper, which
meant that the data with the time interval of 30 s could also be used to mitigate the
scintillation effects. This substantially increased the coverage of scintillation study with
the assistance of global agencies such as IGS, which provides data from more than 500
permanent GNSS stations covering over 100 countries. Furthermore, Marques et al. [13]
integrated data from multiple constellations to improve the height and 3D error by 63%
and 57%, respectively. This could be a part of future work, where the effectiveness of
the observation removal and weight strategies could be investigated. Especially for the
observation removal strategy, the satellite geometry is supposed to be less degraded with
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more visible satellites from multiple GNSS than using GPS only. Furthermore, with methods
such as Bayesian optimization [43], genetic algorithm and machine learning, it is likely that
the efficiency and consistency of weight strategy could also be improved. Thus, further
research is necessary to evaluate the improvement of strategies through these methods.

5. Conclusions

In this paper, the experiment on mitigating scintillation effects on PPP has been con-
ducted based on three strategies: satellite removal, observation removal and weighting the
measurement noise matrix. The satellite removal strategy led to the smallest improvement,
the observation removal strategy resulted in the most consistent improvement and the
weight strategy generated the largest improvement. In the observation removal strategy,
the effectiveness of standard parameters was comparable to that of scintillation parame-
ters, especially with the combination of MP1 and ROTI. Though the observation removal
strategy resulted in the most consistent improvement, the GDOP variation due to excessive
removals led to the instability of this strategy. Using data from multiple constellations is a
possible way to address the drawback of the observation removal strategy. In contrast, the
weight strategy improved the height error by 93.1% at most. The standard parameters were
also comparable to scintillation parameters in the observation removal and weight strategy.
Thus, the primary novelty of the method in this paper was that parameters from 30 s data
could also be used to effectively mitigate the scintillation effects on PPP. In addition, the
observation removal strategy was proposed for the first time. Though there were some
shortcomings with this strategy, it was easier-to-use than the weight strategy and could
improve the errors more consistently.
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