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Abstract

lonospheric scintillation refers to the rapid and random fluctuations in intensity and phase of
radio frequency signals when they propagate through plasma density irregularities in the
ionosphere. It is more frequently observed in the auroral to polar regions and the equatorial to
low latitude regions. When scintillation occurs on Global Navigation Satellite System (GNSS),
the GNSS signal quality and receiver performance can be significantly degraded, thus
increasing the errors in positioning and navigation. Under strong scintillation, the GNSS
receiver can even lose the lock on the signals, posing serious threats to safety-critical GNSS
applications and precise positioning.

For a better understanding of scintillation effects on GNSS signals and receivers, as well as to
mitigate the scintillation effects on GNSS positioning, research is carried out in this thesis
focusing on the following three aspects: (1) characterizing the GNSS signal intensity fadings
under scintillation, (2) modelling scintillation effects on GNSS receiver tracking loops and (3)
developing scintillation mitigation approaches to support high accuracy GNSS positioning
under scintillation.

Signal intensity fadings is one of the reasons that degrade the GNSS receiver tracking
performance. By exploiting three months of raw scintillation data recorded by an ionospheric
scintillation monitoring receiver (ISMR) deployed at low latitudes, signal intensity fadings due
to scintillation are detected and characterized. Their effects on receiver tracking performance
are analysed, which contributes to better understanding the low latitude scintillation effects on
GNSS receivers. In order to quantitatively model the scintillation effects on GNSS receiver

Phase Locked Loops (PLLs) and Delayed Locked Loop (DLLs), the phase and code jitter are



estimated, respectively, at the output of PLL and DLL, taking scintillation effects into
consideration. The existing models to estimate the phase and code jitters are studied. To address
the concerns of the existing models, an alternative approach is developed to estimate the phase
and code jitter under scintillation using the output of tracking loop discriminators, which better
reflects the actual PLL and DLL tracking performance under scintillation. Additionally, the
distribution of the tracking errors are analysed in the presence of scintillation. A customer-
defined probability density function is proposed for the first time, which successfully describes
the distribution of the PLL tracking errors under different levels of scintillation.

The approach to mitigate scintillation effects on GNSS positioning is studied. This thesis
employs a phase and code jitter weighting approach to reduce the positioning errors caused by
scintillation. In this approach, the positioning stochastic models are improved using the
estimated phase and code jitter values considering scintillation effects. In order to improve the
performance of this approach, 1-second scintillation indices are proposed in this thesis, which
shows more effectiveness in describing the signal fluctuations under scintillation compared
with the widely used 1-minute scintillation indices. Additionally, the 1-second scintillation
indices outperform the 1-minute ones when used in mitigating positioning errors under
scintillation. To implement the scintillation mitigation approach on generic receivers, which
are not able to estimate the scintillation indices and consequently the phase and code jitter, the
concept of phase and code jitter maps is exploited in this thesis. In this way, generic receivers
can extract and calculate the jitter values directly from these maps for each measurement.
Regional phase and code jitter maps are constructed in northern Canada using the scintillation
data recorded during the geomagnetic storm in September 2017. Results show that with the
help of the jitter maps constructed in this thesis, the positioning accuracy at both the ISMR and

generic receiver stations can be greatly improved under scintillation.
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1 Introduction

The ionosphere is an ionized region in the earth’s upper atmosphere from about 50 to 1000 km
above the earth surface containing a large number of ions and electrons caused by solar
radiation effects. The ionosphere has adverse effects on communication and navigation
systems, such as Global Navigation Satellite System (GNSS), including Global Positioning
System (GPS), GLONASS, Galileo and BeiDou Navigation Satellite System (BDS), which
rely on the Radio Frequency (RF) signals broadcasted from the satellites in space to provide
position, velocity, and time (PVT). On one hand, the transmission direction and speed of RF
signals may change due to the variation in the refractive index of the ionosphere. As a result, a
delay or advance in the signal transmission may occur, which can induce large errors in GNSS
measurements, and accordingly decrease positioning accuracy. On the other hand, due to
ionospheric plasma density irregularities, the amplitude and phase of RF signals may suffer
random and rapid fluctuations, a phenomenon known as ionospheric scintillation. When
scintillation occurs, GNSS measurements become nosier or even unavailable, thus degrading
positioning accuracy. With the implementation of dual-frequency GNSS receivers,
measurement errors caused by ionospheric delay can be estimated and mostly corrected.
However, scintillation remains a major challenge to GNSS performance.

The occurrence of scintillation is associated with the solar and geomagnetic activities (Aarons
et al. 1980). During the peaks of the solar cycle, the ionospheric turbulent plasma becomes
more active, thus the propagation of GNSS signals is more affected. Similarly, the occurrence
of geomagnetic storms encourages the formation and movement of ionospheric irregularities,

which correspondingly increases the probability of scintillation occurrence. Scintillation



occurrence has strong spatial dependencies. It is more frequent in the auroral and polar regions
as well as in the equatorial and low latitude regions (Aarons 1982; Basu et al. 1988). However,
the mechanism that govern the generation of scintillation in these regions are different. In the
auroral to polar regions, scintillation is associated with the fast movement of large-scale
ionospheric plasma structures along geomagnetic field lines (Basu et al. 2002; Forte and
Radicella 2002) and is usually dominated by phase fluctuations (Jiao and Morton 2015). It can
be significantly active during geomagnetic storms and can occur at any time of the day. On the
other hand, equatorial and low latitude scintillation is associated with the post-sunset small-
scale F-region irregularities and can be severe in both signal intensity and phase (Basu et al.
2002; Hysell and Kudeki 2004; Jiao and Morton 2015). Thus, scintillation at equatorial and
low latitudes mostly occurs between post-sunset to midnight period. Additionally, scintillation
occurrence presents large day-to-day variabilities. During vernal and autumnal equinoxes,
there is a higher probability of scintillation occurrence at equatorial and low latitudes.
Scintillation is usually distinguished as amplitude and phase scintillation, respectively referring
to the fluctuations in signal amplitudes and phases, and characterized by S4 and Phi60 indices
(Briggs and Parkin 1963; Yeh and Liu 1982). Scintillation indices are used to measure the
scintillation levels observed RF signals crossing the ionospheric irregularities. Meanwhile,
these indices also provides a way to study the ionospheric climatology.

Scintillation adversely affects the GNSS signal quality, availability and receiver performance.
In a strong scintillation scenario, receivers can even lose lock on the GNSS signals due to the
deep intensity fading and/or the fast phase dynamics, posing serious threats to safety critical
GNSS applications and precise positioning. The aims of this thesis are (1) characterization of
GNSS signal intensity fadings under scintillation, (2) modelling of scintillation effects on
receivers and (3) development of scintillation mitigation approaches, aiming to realize high

accuracy GNSS positioning. In this chapter, a literature review on scintillation effects on



receivers and scintillation mitigation approaches is given. The limitations of the previous
studies are provided. The objectives of this thesis and the main achievements are summarised
next, followed by a description of the thesis outline.

1.1 Literature review and limitations of previous work

GNSS receivers are used to track signals transmitted by GNSS satellites and to extract
measurements that can be used for positioning. Thus, the availability and quality of GNSS
signals strongly impact the performance of receivers and the accuracy of positioning. Extensive
research effort has been placed to analyse and model the scintillation effects on receivers and
positioning performance. Various approaches have been developed in the last decade aiming
to improve the positioning accuracy under scintillation.

1.1.1 Scintillation effects on GNSS receivers

The effects of scintillation on GNSS receivers occur notably at receiver tracking stages. Under
scintillation, the intensity of the signal arriving at the receivers could suffer abrupt deep
fadings. When the intensity is lower than the signal carrier to noise density ratio (C/NO)
threshold in the receiver Delayed Locked Loop (DLL), a loss of lock or cycle slip event is
declared, leading to the unavailability of GNSS measurements. In carrier tracking loops, phase
fluctuations caused by scintillation increase the noise levels of the carrier phase measurements.
Frequent cycle slips may occur under severe phase dynamics. The analysis of scintillation
impacts on receiver tracking loops has drawn extensive attention over the years. Skone et al.
(2001) investigated the scintillation effects on different GPS receivers deployed at both
equatorial and high latitudes. It was pointed out that the tracking performance of receivers
above 62° geographic latitudes and close to the anomaly peak are more susceptible to
scintillation. The difference in receiver tracking loop configurations and tracking loop models
could result in large differences in tracking performance even under comparable levels of

scintillation. Hegarty et al. (2001) investigated the GPS-Wide Area Augmentation System



(WAAS) receiver performance with a proposed scintillation simulation model. Results showed
that the non-coherent DLLs are more robust to scintillation, while carrier tracking loops are
more affected. Based on the scintillation data recorded in the European Arctic region during
the November 2004 storms, Meggs et al. (2008) concluded that the losses of lock events in
GPS receivers are more closely related to the rapid phase fluctuations caused by scintillation.
Humphreys et al. (2010) used a scintillation testbed to study the carrier phase tracking error
variance and the performance of the Phase Locked Loop (PLL) under scintillation. A cycle slip
prediction model was developed as a function of scintillation index, signal decorrelation time
and C/NO. By analysing the scintillation data collected at Presidente Prudente in Brazil, Sreeja
et al. (2012) studied the correlation between scintillation levels and GPS and GLONASS signal
tracking performance. It was shown that scintillation has more significant effects on signals
with lower transmitting frequency. The relationship between scintillation levels and the PLL
tracking errors can also be represented by a quadratic function. Breitsch et al. (2020)
investigated the dependence of the cycle slip rate on scintillation, intensity fading and C/NO,
using simulated strong equatorial scintillation data. It was pointed out that phase transition is
the dominant reason for cycle slips in the presence of scintillation.

Signal intensity fading is one of the main challenges that affect the signal tracking in receivers
under scintillation. Based on one month’s scintillation data collected at low latitudes, Moraes
et al. (2012) investigated the characteristics of intensity fading and its effects on GPS receiver
tracking loops. They concluded that a GPS receiver with the C /N0 threshold around or higher
than 30 dB-Hz could be severely influenced by deep fading caused by scintillation.
Furthermore, 45 minutes of 50 Hz scintillation data were analysed by Seo et al. (2016) to
characterize the signal fading behaviour. A fading duration model was built which is important
for designing an aviation receiver with short reacquisition time to counter the adverse

scintillation effects. To investigate the signal intensity fading characteristics on GPS L1, L2 C



and L5 signals in the equatorial region, Jiao et al. (2016) analysed the scintillation data
collected on Ascension Island in 2013. Results showed that the fading rarely occurs on all GPS
bands simultaneously. These analyses on signal intensity fading were mostly based on
scintillation data collected within a short period of time and lacking severe scintillation events.
In addition, the relationship between intensity fading and tracking loop performance was not
fully investigated.

To quantify the effects of scintillation on GNSS receivers, jitter estimation models were
developed in Knight and Finn (1998) and Conker et al. (2003), which are capable of evaluating
the PLL phase jitter and the DLL code jitter for GPS L1 C/A and L2 P signals using the
measured scintillation indices. In these models, the probability density function (PDF) of signal
intensity under scintillation is assumed to follow the Nakagami-m fading channel. Following
the approach in Conker et al. (2003), Moraes et al. (2014) further improved these models by
applying a different fading channel model in characterizing the signal intensity distribution
under scintillation. Vadakke Veettil et al. (2018) built statistical models to estimate the standard
deviation of the receiver PLL tracking errors as a function of scintillation levels exploiting the
models in Conker et al. (2003) and Moraes et al. (2014), using the scintillation data recorded
over 4 years at low and high latitudes. These jitter estimation models have been used by many
researchers to describe the scintillation effects on receiver tracking loops (Strangeways et al.
2011; Sreeja et al. 2012; Aquino and Sreeja 2013). However, there are still concerns regarding
these models. For example, these models assume that the phase or code errors are in the
linearity region of PLL and DLL discriminators, while this assumption may not always be true
in practice, particularly under severe scintillation conditions. Additionally, the jitter estimated
using these models depends on the configurations of the receiver tracking loops. Receivers
with different tracking loops might produce a different phase and code jitter even under

comparable scintillation levels. Thus, it is necessary to investigate how the tracking loop tuning



could influence the jitter estimation using these models. A detailed description of the
limitations inherent to these models is given in Chapter 4.

1.1.2 Mitigating scintillation effects on GNSS positioning

Effects of scintillation on GNSS positioning have been extensively studied. Datta-Barua et al.
(2003) investigated the scintillation effects on single and dual frequency GPS based positioning
using two weeks of scintillation data recorded in February 2002 in Brazil. They pointed out
that the single frequency positioning can experience frequent changes in the position estimation
due to the loss of L1 data, while for dual frequency positioning, the fact that the L2 signal is
more susceptible to loss of lock and cycle slips induces positioning errors or even failure of
position estimation during scintillation. By analysing the scintillation data collected in
Northern Europe during the solar maximum from 2001 to 2003, Aquino et al. (2005) presented
the potential implications of scintillation for GNSS users. It was shown that the loss of satellite
locks is correlated with the occurrence of scintillation. The accuracy of the static carrier phase
positioning is degraded under phase scintillation. Based on 7 years of GPS scintillation data
collected at eight low latitude scintillation monitoring stations, Steenburgh et al. (2008)
investigated the variation of the Horizontal Dilution of Precision (HDOP) under scintillation.
The results showed that if GPS signals suffering from moderate scintillation are removed, the
position cannot be estimated at times and the remaining HDOP values could reach more than
10. Xu et al. (2012) analysed the impacts of low latitude scintillation on Precise Point
Positioning (PPP) by processing the GPS scintillation data collected in July and August 2012
in Hong Kong. It was found that the positioning errors can reach more than 34 cm in the vertical
and more than 20 cm in the horizontal directions in the presence of severe scintillation.
Jacobsen and Andalsvik (2016) analysed the impact of ionospheric disturbances on the network
real-time kinematic (NRTK) positioning and PPP techniques by processing the data collected

in the Norway region during the 2015 St. Patrick’s day storm. Increased positioning errors



calculated by RTK and PPP were observed under ionospheric disturbances, while PPP can
achieve a higher accuracy compared with the NRTK positioning. Pi et al. (2017) calculated the
kinematic PPP using the data recorded by an ionospheric scintillation monitoring receiver
(ISMR) deployed in Alaska in 2013. It was suggested that the dual-frequency PPP errors could
be one to two orders of magnitude worse under scintillation. Both cycle slips and/or losses of
carrier phase lock induced by scintillation can increase the positioning errors. Juan et al. (2018)
investigated the scintillation effects on GNSS positioning by processing data collected from 35
receivers at low and high latitudes. Results show that due to the fact that the generation of
scintillation at low and high latitudes have different mechanisms, its impacts on GNSS
positioning also differ. At high latitudes, cycle slips caused by scintillation are less frequent,
thus it is possible to achieve precise positioning even during strong scintillation. By contrast,
scintillation at low latitudes is more severe and produces more cycle slips, thus achieving
precise positioning is more challenging. The effects of low-latitude scintillation on BDS were
investigated by Luo et al. (2018). It was found that the code and phase residuals of static PPP
processing could reach up to 7.096 and -0.469 m, respectively.

Various approaches have been studied to mitigate scintillation effects on GNSS positioning.
The modern GNSS signals and multi-GNSS positioning techniques provide an opportunity to
increase the available satellite observations for users under scintillation. Marques et al. (2016)
investigated the performance of using GPS L2 C measurements in kinematic PPP calculation
instead of using L2 P under equatorial scintillation. Results showed that using L2 C against L2
P can improve the positioning accuracy by up to 59% under weak scintillation, while no
improvement is observed under strong scintillation conditions. Furthermore, Marques et al.
(2018) analysed the integrated GPS and GLONASS kinematic PPP technique under different
scintillation levels in the equatorial region. It was suggested that compared with GPS-only PPP,

a multi-GNSS solution could improve the positioning accuracy by up to 60% under strong



scintillation. Similar experiments were conducted in Dabove et al. (2019), which investigated
the benefits of multi-GNSS positioning under high latitude ionospheric activity. Results
showed that adding GLONASS and Galileo satellites in positioning could both improve the
positioning accuracy and reduce the convergence time in PPP calculation. However, the
effectiveness of these approaches largely depends on the severity of scintillation conditions.
During the solar maximum, a large percent of all the visible satellites may suffer from
scintillation at a same epoch at low latitudes (Guo et al. 2019b), thus the positioning accuracy
may still be significantly degraded even with multi-GNSS positioning.

In order to better detect cycle slips under scintillation, an improved cycle slip detection
approach was proposed in Zhang et al. (2014), which helped to avoid unnecessary
reinitialization of phase ambiguity and to achieve a positioning accuracy of 0.2 to 0.3 m in the
vertical direction under equatorial scintillation. A similar approach was proposed in Luo et al.
(2019), where an improved cycle slip threshold model was developed to decrease the frequent
false alarm of cycle slip under scintillation. With the improved model, the accuracy improved
by up to 47.9 % in the up direction of BDS PPP. A new scintillation index was proposed in
Juan et al. (2017) using the ionospheric-free combination of the phase measurements. The
proposed index can help to isolate the measurements suffering cycle slips, thus the positioning
errors under ionospheric disturbances are only due to the increased phase measurement noise.
Furthermore, to detect and remove the measurements affected by scintillation, Bougard et al.
(2013) applied the receiver autonomous integrity monitoring (RAIM) method in the PPP
calculation under scintillation observed in Brazil. Although results showed that the method can
help to mitigate the scintillation effects on positioning by different extents, the performance of
this approach is affected by the amount and locations of the excluded satellites in relation to
the overall satellite geometry (Vadakke Veettil et al. 2020), as the positioning accuracy depends

on the resulting satellite geometry. Instead of removing the measurements affected by



scintillation, an approach to modify the least square stochastic models in positioning was
introduced in Aquino et al. (2009). In this approach, the stochastic models are modified using
the receiver PLL phase jitter and DLL code jitter, estimated by the models developed in Conker
et al. (2003). In the improved stochastic models, the carrier phase and pseudorange
measurement noise levels are represented, respectively, by the phase and code jitter, thus
measurements more affected by scintillation will have higher jitter levels and lower weights in
the stochastic model, which results in a decreased contribution of the measurements affected
by scintillation to the position estimation.

This mitigation approach has been applied successful in many studies (da Silva et al. 2010;
Strangeways et al. 2011; Park et al. 2017; Vani et al. 2019; Luo et al. 2020; Vadakke Veettil et
al. 2020). However, its inherent limitations still remain. On one hand, the 1-minute phase and
code jitter, estimated based on the 1-minute scintillation indices, are used to represent the noise
levels of GNSS instantaneous measurements in this approach. Based on the analysis in this
thesis, it is found that the 1-minute phase and code jitter may not provide the best representation
of the measurement noise. It is necessary to calculate the phase and code jitter at a higher rate,
which depends on a higher rate of scintillation indices. On the other hand, as scintillation
indices are required in the estimation of the phase and code jitter, this mitigation approach has
so far been used only in connection with ISMRs. For generic receivers, which are not capable
of estimating scintillation indices and consequently the phase and code jitter, this mitigation
approach cannot be implemented directly. Consequently, a new scintillation mitigation
approach or tool is required to provide the phase and code jitter values to generic receivers. For
example, a generic receiver can obtain the jitter values from a nearby ISMR, as these two
receivers would experience similar scintillation levels if they are close enough. Or the generic
receiver can estimate the phase and code jitter values through alternative approaches which do

not involve scintillation index calculation, e.g., the mathematical phase jitter estimation models



developed in VVadakke Veettil et al. (2018). Another possible solution is to exploit the concept

of phase and code jitter maps (Sreeja et al. 2011), which contain the phase and code jitter values

verticalized to the ionospheric layer. In this way, a generic receiver can retrieve the jitter values

for each measurement directly from these maps, and thus implement them in the

aforementioned mitigation approach. A detailed description of using the phase and code jitter

maps for scintillation mitigation can be found in Chapter 6.

1.2 Thesis objectives and main achievements

The major objectives of this thesis are summarised as follows:

1)

2)

Characterize GNSS signal intensity fading under scintillation and investigate its
effects on receiver tracking loops

Signal intensity fading is one of the main factors leading to the degradation of the GNSS
receiver tracking performance. For a better understanding of the intensity fading
characteristics under scintillation, the fading depth, duration and speed, which is
defined as the ratio between fading depth to duration, are analysed. The relationship
between the widely used scintillation indices and the intensity fading characteristics is
studied. In order to analyse how the signal intensity fading degrades the receiver
tracking performance, the variation of tracking errors in relation to fading depth,
duration and speed is analysed.

Develop alternative approaches to measure the scintillation effects on receiver
PLL and DLL tracking loops

Although the effects of scintillation on receiver tracking loops can be evaluated by
using the jitter estimation models developed in Conker et al. (2003), there are still some
limitations and concerns, as mentioned previously. To address the concern, alternative
approaches to estimate the phase and code jitter under scintillation are developed, which

can be used to verify the accuracy of the jitter estimation models described in Conker
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3)

4)

5)

et al. (2003). Additionally, the distribution of the tracking errors under scintillation is
investigated and modelled, thus providing a method to quantify the effects of
scintillation on receiver tracking loops.

Investigate the receiver tuning effects on the receiver tracking performance under
scintillation

As previously discussed, the tracking performance of receivers may vary even under
similar levels of scintillation, due to the differences in their tracking loop
configurations. Thus, the scintillation induced phase and code tracking errors calculated
for receivers with various tracking loop configurations are analysed, aiming to
investigate and better understand the receiver tracking loop tuning effects on the
tracking performance in the presence of scintillation.

Develop an approach to calculate 1-second scintillation indices based on the raw
scintillation data recorded by ISMRs

To more accurately describe the signal fluctuation levels under scintillation, as well as
to calculate the phase and code jitter at a higher rate, e.g., 1 second, an approach to
calculate 1-second scintillation indices is proposed in this study. The 1-second
scintillation indices are shown to better describe the signal distortions under
scintillation. Additionally, the 1-second phase and code jitter, calculated using the 1-
second scintillation indices, can better represent the measurement noise.

Generate the phase and code jitter maps and investigate their potential to assist
GNSS users in scintillation mitigation

Due to the fact that the phase and code jitter maps can be exploited by generic receivers
in the mitigation of scintillation effects on GNSS positioning, the concept of jitter maps
is studied and regional jitter maps are generated. The capability of the jitter maps in

identifying potential tracking issues for GNSS users is investigated.
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6) Mitigate GNSS positioning errors under scintillation for generic receivers by
exploiting the jitter maps
With the help of the phase and code jitter maps generated in this study, the scintillation
induced positioning errors calculated for generic receivers are mitigated by exploiting
the jitter values retrieved from the jitter maps. The improvements in the positioning
accuracy are presented.

The main achievements in the frame of this thesis are summarised as follows:

(1) A better understanding of the signal intensity fading characteristics under scintillation
is obtained. Mathematical models describing the relationship between intensity fading
characteristics and scintillation indices are built for the first time in this study.
Additionally, the rationale of how the intensity fading affects the receiver tracking
performance is presented, which is of great importance for receiver manufacturers to
design robust GNSS receivers that can account for scintillation effects. Results and
conclusions of this analysis have been published in the peer reviewed journal “GPS
Solutions” (Guo et al. 2019a).

(2) An alternative approach to estimate the PLL phase jitter and DLL code jitter using the
discriminator output is proposed in this study. The proposed approach achieves a good
match with the jitter estimation models described in Conker et al. (2003), thus verifying
the accuracy of these models. Due to the fact that the proposed approach can be used
without involving the calculation of scintillation indices, it is applicable to a wide range
of generic receivers that are not able to estimate scintillation indices. Moreover, a
custom-defined PDF is proposed for the first time in this study which successfully
describes the distribution of the tracking errors under different levels of scintillation.
The results are summarised in a manuscript which is ready to submit to peer reviewed

journals at the time of writing.
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(3) A comprehensive analysis of the PLL bandwidth and integration time tuning effects on
the phase jitter calculation under scintillation is presented. It is found that there is a
trade-off when selecting the PLL bandwidth. An optimal value of the bandwidth can be
defined aiming to maximize the receiver tracking performance under scintillation.
Results obtained in this analysis have been published in the peer reviewed journal
“Space Weather” (Guo et al. 2020a).

(4) An approach to estimate the 1-second scintillation indices is proposed for the first time
in this study. The newly proposed indices show more effectiveness in describing the
signal fluctuations under scintillation compared with the widely used 1-minute
scintillation indices. More importantly, improvement in the positioning accuracy is
achieved when they are exploited in the scintillation mitigation compared with using
the 1-minute indices. The proposed approach and the achievements in the positioning
error mitigation are published in the peer reviewed journal “Journal of Geodesy” (Guo
et al. 2021).

(5) The phase and code jitter maps are produced in this study by exploiting the dense
network of ISMRs deployed in the northern Canada. The use of these maps to identify
the potential occurrence of cycle slips is presented. With the help of these maps, the
positioning errors caused by scintillation are successfully mitigated for generic
receivers. An improvement of up to 50% is achieved in the positioning accuracy. A
manuscript related to this analysis is currently in preparation and will be submitted to
one of the top-rated peer reviewed journals.

This study is undertaken in the framework of the Training REsearch and Applications Network
to Support the Ultimate Real-Time High Accuracy EGNSS Solution (TREASURE) project

(http://www.treasure-gnss.eu/), which focused on modelling GNSS errors, like ionospheric and

tropospheric errors, and developing advanced positioning algorithms to support real-time high

13


http://www.treasure-gnss.eu/

accuracy GNSS positioning techniques. The research in this project was carried out by 13
individual Early Stage Researchers (ESRs) in different work packages (WPs). Research in this
thesis was carried out in the scope of WP3 and in synergy with the research in WP1, as shown
in Figure 1.1, so that outcomes from the latter can be suitably incorporated. This study also
entailed close collaboration with ESR5 and ESR6 in WP3, who focuses on developing
advanced software receivers and interference purifying techniques, respectively. The
scintillation mitigation approach and interference purifying models, along with the ionospheric
and tropospheric models developed in WP1,can be integrated and exploited by ESRs in WP4

to enhance GNSS positioning accuracy.

WP1

PLL phase jitter
and DLL code
jitter estimation

Software GNSS ferenc
receiver (ESR5) & p(uEr:Sfl};SQ

Figure 1.1 Studies in this thesis in connection with other research in

Phase and code
jitter maps

and NRTK
algorithms

Warning for
scintillation
threats

the scope of the TREASURE project

1.3 Thesis outline

The structure of this thesis is given as follows:

Chapter 2 provides a focused overview of GNSS and scintillation monitoring using GNSS
receivers. A brief description of GNSS signals, receivers and GNSS positioning algorithms is
provided. Receiver carrier phase and code tracking loops and tracking errors are described,
followed by the introduction to advanced PPP algorithms. The widely used specialised GNSS

receivers, namely ISMRs, for scintillation data collection are described, followed by the
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introduction to the GNSS signal simulator used for generating simulated scintillation data
processed in this study.

Chapter 3 reviews the essential GNSS scintillation data processing technigues. The detrending
of high frequency scintillation data is introduced first, followed by the description of
scintillation indices and spectral parameters which are used to characterize the scintillation
levels. The difference of two types of widely used ISMRs in scintillation monitoring and the
effects of receiver PLL tuning on scintillation index estimation are then presented.
Subsequently, the signal intensity fading characteristics and their relationship with scintillation
levels are investigated. Finally, the effects of scintillation induced intensity fading on GNSS
receiver tracking loops are analysed.

Chapter 4 discusses the modelling of scintillation effects on GNSS receiver tracking loops.
The phase and code jitter estimation models described in Conker et al. (2003) are described
and studied. Following the derivation in Conker et al. (2003), the jitter estimation models for
Galileo E1 and E5a signals are described. A case study to investigate the PLL tuning effects
on the phase jitter estimation under scintillation is then carried out. Alternative approaches to
estimate the phase and code jitter are then proposed. Finally, the scintillation effects on the
distribution of the PLL phase tracking errors are studied.

Chapter 5 focuses on the mitigation of scintillation effects on GNSS positioning. The
mitigation approach used in this study as well as its limitations are described. To address the
limitations, the proposed approach to estimate the 1-second scintillation indices is described,
followed by the comparison of the newly proposed 1-second scintillation indices and the 1-
minute indices calculated at low and high latitudes. The positioning errors caused by
scintillation effects at the low and high latitude stations are shown thereafter. Finally, the
mitigation of the positioning errors by exploiting the newly proposed 1-second scintillation

indices is presented.
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Chapter 6 discusses the mitigation of scintillation effects on positioning errors using the phase
and code jitter maps. The procedure for the generation of the jitter maps and their potential uses
are first provided, followed by the jitter maps generated by exploiting the dense ISMR network
deployed in northern Canada during a geomagnetic storm. The cycle slips experienced by the
ISMRs and their relationship with the phase jitter extracted from the jitter maps are addressed
subsequently. The positioning errors calculated under scintillation during the geomagnetic
storm at the selected stations are shown thereafter, followed by the mitigation of the positioning
errors by exploiting the phase and code jitter maps. Finally, a preliminary analysis of the jitter
errors induced by the mapping function in the generation of the jitter maps is given.

Chapter 7 summarises the conclusions drawn from the research objective of this thesis and the
recommendations for future work.

The logic interconnections among the chapters and the main topic studied in each chapter are

shown in Figure 1.2.
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effects on tracking loops exploiting 1-second exploiting receiver jitter
scintillation indices maps

Chapter 7
Conclusions and future
work

Figure 1.2 Thesis structure and the logic interconnections among each chapter
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2 GNSS and scintillation monitoring in the context of

this thesis

This chapter provides a focused overview of GNSS and scintillation monitoring using GNSS
receivers in what relates to the main aims of this thesis. In this context, the fundamentals of
GNSS, including signal structure, signal tracking, receivers and position determination, are
given. Receiver carrier phase and code tracking loops and tracking errors are described,
followed by the introduction to advanced PPP techniques. Finally, the specialised GNSS
receivers used for scintillation data measuring and logging, as well as GNSS hardware
simulators used for scintillation simulation are introduced.
2.1 GNSS overview
GNSS has been playing an important role in human life, such as in surveying, civil aviation,
financial sector, construction etc. The principle of GNSS positioning can be briefly summarised
as following:
(1) Satellites transmit signals to the Earth
(2) Ground control stations calculate the satellite orbits using the data from the received
signals. The orbit information is then transferred back to satellites and modulated on
the signals
(3) Receivers track and process the signals broadcasted by the satellites to generate range
measurements between the receiver and satellites and the orbit information of satellites,

which are further used to determine the receiver location
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An overview of GNSS signals, receivers and the basic positioning determination techniques
are introduced next.

2.1.1 GNSS signals

The structure of the GNSS signal can be generally described in three layers, i.e., RF carrier,
pseudorandom noise (PRN) codes and navigation data (Kaplan et al. 2017), as shown in Figure
2.1. Every GNSS satellite has a unique PRN code which has excellent autocorrelation
performance. GNSS uses PRN codes to distinguish different satellites. Additionally, the PRN
code can also be used to define the signal propagation time, which in turn allows to estimate
the range between satellites and receivers. The navigation data provides the digital information
related to the satellite orbits, clock errors, satellite health status, etc. In the generation of GNSS
signals, the PRN codes and navigation data are modulated on the RF carrier, which is in the
bottom layer. Most GNSS signals use one or more RF carriers in the L-band covering the range

from 1 to 2 GHz (Borre et al. 2007; Kaplan et al 2017).

Navigation data
Y
N

A
0
Modulation

RF carrier

Navigation data

Figure 2.1 Three-layer structure of GNSS signals

GNSS signals can be generated by exploiting different modulation schemes, which are
distinguished by their respective chip pulse shapes resulting in different autocorrelation

function curves. The shapes of these curves are directly related to the signal tracking
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performance of the receiver, which is introduced in the next section. The commonly used
modulation schemes include Binary Phase Shift Keying (BPSK) and Binary Offset Carrier
(BOC). The BPSK is widely used in the GNSS legacy signals, for example, GPS L1 C/A and
L2 P, while the implementation of BOC modulation contributes to the improved performance
of modernized signals, like Galileo E1, GPS L1 C and L2 M signals (Borre et al. 2007). In the
generation of BOC(m, n) signals, an extra square wave subcarrier is modulated in the structure
shown in Figure 2.1. The m and n parameters indicate the ratios of the subcarrier frequency
and code rate over the reference frequency f,, respectively (Borre et al. 2007). For modernized
signals, the total power is split into two components, i.e., the data component modulating the
navigation data, and the dataless pilot component (Kaplan et al. 2017). Table 2.1 summarises
the carrier bands and modulation schemes of some of the GPS and Galileo signals analysed in

this thesis (Meurer and Antreich 2017; Grewal et al. 2020).

Table 2.1 Summary of GPS and Galileo signal characteristics

. Frequency Modulation i
Signal (MH?2) Component type Data/Pilot

GPSL1C/A 157542 - BPSK(1) Data

GPSL2P 1227.6 - BPSK(10) Data

Galileo E1 1575.42

E1-B CBOC(6,1,1/11) Data
E1l-C CBOC(6,1,1/11) Pilot

Galileo Eba  1176.45 AltBOC(15, 10)
E5a-I BPSK(10) Data
E5a-Q BPSK(10) Pilot
Galileo ESb ~ 1207.14 AItBOC(15, 10)
E5b-1 BPSK(10) Data
E5b-Q BPSK(10) Pilot
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2.1.2 GNSS receivers

GNSS receivers are designed to extract navigation data and generate pseudorange and phase
measurements from the incoming signals. As shown in Figure 2.2, a typical GNSS receiver
usually contains an RF front-end, as well as baseband digital signal processing and navigation
modules. In the RF front end, the analog signal received by the antenna is first amplified and
filtered by a preamplifier to minimize the out-of-band interference. Then, through a down-
converter, the signal is down-converted to IF signals in the baseband, which is further fed to
an A/D convert (ADC) to achieve the digitalized IF signal. An automatic gain control (AGC)
is usually implemented to adjust the amplitude of the IF signal input to ADC, aiming to

maintain the output signal power at a relatively stable level.

Antenna
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A
RF front-end
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[
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Figure 2.2 Structure of typical GNSS receivers

The digitalized IF signal is then parsed by the baseband signal processing module, which
usually contains parallel channels that enable to process signals from different visible satellites
simultaneously. An acquisition process is first implemented in each channel to acquire the

satellite signals and provide rough estimates of carrier frequency and code, which are further
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exploited to initialise the carrier and code tracking process. The aims of the code and carrier
tracking are to wipe off the signal carrier and code data and obtain the pseudorange and carrier
phase measurements and related navigation message. The receiver carrier and code tracking
loops and tracking errors are described in detail in Section 2.3.

2.1.3 Positioning estimation

GNSS user position is estimated using the navigation data and the GNSS observations,
including pseudorange and carrier phase measurements, all provided by the receivers. The
navigation data contains the parameters related to the satellite location, while the observations
are the range measurements and its changing rate between the receiver and the satellites. Taking
the pseudorange measurements as an example, the observation equation can be written as
(Kaplan et al. 2017)

Pl = py + cty (2.1)
where B! denotes the pseudorange measured by receiver u. pt is the geometric distance
between receiver u and satellite n. c is the speed of light in vacuum. t,, is the receiver clock
offset with respect to system time. By representing the distance p;; using the receiver and

satellite coordinates, Eq. (2.1) can be rewritten as

PR = Gtn = )% + O = y) + (2 — 2) + ity (2.2)
where (x,,, ¥, z,) and (x,,, y,., z,,) are the satellite and receiver positions in three dimensions,
respectively. As there are four unknown variables in Eq. (2.2), i.e., x, ¥y, z, and t,, the
receiver position can only be solved when there are at least four pseudorange measurements
from at least four satellites.

The carrier phase measurement can be used to solve the receiver position following a similar
procedure, however, it is generally more precise compared with the pseudorange measurement
(Hauschild 2017a). Different positioning algorithms, like Single Point Positioning, PPP,

differential positioning, RTK, have been developed exploiting the different GNSS observables
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(such as the code and phase observables) to achieve varying accuracy levels, from several
meters to centimetres. The positioning accuracy significantly depends on the precision of the
pseudorange and carrier phase measurements and the number and spatial distribution of usable
satellites. The main error sources affecting the range measurements include satellite and
receiver clock errors, satellite orbits errors, atmospheric delays, scintillation, multipath,
jamming and spoofing, etc (Groves 2013). In practice, an accuracy of centimetres can be
realized by applying error modelling and advanced positioning techniques, such as PPP, which
is introduced in detail in Section 2.3. On the other hand, with the development of new GNSS
satellites, different systems can be combined in position estimation, exploiting what is known
as multi-GNSS techniques, which can help to improve the positioning accuracy (Hauschild
2017b). The main focus of this thesis is on the positioning errors caused by the ionospheric
scintillation effects. Potential tools to mitigate these errors and their impact on PPP techniques
are studied.

2.2 Carrier and code tracking loops

The signal tracking in GNSS receivers is accomplished by carrier tracking loops and code
tracking loops. For both loops, the main aim is to adjust the local duplicated signal to match
the incoming signals (Won and Pany 2017). The commonly used carrier tracking loops include
PLLs, Costas PLLs and frequency locked loops (FLLs), determined by the type of
discriminator implemented in the loops (Ward 2017), while the code tracking loops usually
adopt DLLs to track the code data. In the framework of this thesis, the analysis of scintillation
effects on receiver tracking loops is carried out based on PLLs and DLLs. The mechanism of
phase and code tracking in PLLs and DLLs and the tracking errors are introduced in this

section.
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2.2.1 Signal tracking engine

A general GNSS signal tracking engine, including the PLL and the DLL branches, is shown in
Figure 2.3 (Ward 2017; Won and Pany 2017). As it can be seen from the figure, the phase of
the incoming digital IF is stripped by the duplicated carrier phase signals generated by the
carrier Numerical Control Oscillators (NCO) in the PLL shown in the bottom branch, to
produce the In-phase (I) and Quadra-phase (Q) signals. Then the I and Q signals are correlated
with the early (E), prompt (P) and late (L) replica codes generated by the code NCO and
generator at the DLL branch in the top. After the carrier and code correlation process, the digital
IF is converted to the baseband. An integrate and dump accumulator is then used to filter and
resample the baseband signal (Ward 2017). The outputs are fed into the DLL and PLL
discriminators, respectively, which measure the code and phase error between the incoming
and the replica signals. The output error is filtered by the loop filters which produce an
adjustment to alter the local replica code and carrier phase in the NCOs. The updated code and

carrier phase enter the loops and are again compared with the incoming signal.
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Figure 2.3 Receiver tracking loops in generic GNSS receivers
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The receiver tracking performance is jointly determined by the integration time in the
correlators, the type of discriminators and the loop filters (Won and Pany 2017). The commonly
used discriminators in PLLs include arctangent and Costas decision directed, while in DLLSs,
early minus late and dot-product discriminators are widely implemented (Ward 2017; Van
Dierendonck 1992). A signal is considered to be tracking correctly when the phase error and
code error between the incoming and replica signals are near zero. However, under challenging
situations, like scintillation, the quality of the incoming signal may decrease significantly, such
as due to a decreased signal intensity and/or high phase dynamics, which could potentially
cause cycle slips and/or losses of satellite lock (Groves 2013; Humphreys et al. 2010; Meggs
et al. 2008; Skone et al. 2001). The receiver tracking performance is widely analysed in terms
of rates of loss of signal lock, cycle slips and tracking errors, which directly affects the precision
of GNSS observations and the positioning accuracy.

2.2.2 PLL tracking performance

A simplified PLL linear model is introduced to show the PLL phase error and tracking error,
as shown in Figure 2.4 (Gardner 2005; Curran 2015). The phase error Ag is defined as the

difference between the incoming phase ¢; and its replica phase ¢, . Its standard deviation oy,

which is also called phase jitter, is commonly used to indicate the phase noise level at the output
of the PLL. On the other hand, the phase error is measured by the loop discriminator. The

output of the discriminator &, is defined as the PLL tracking error. Both the phase and the

tracking errors can be used to represent the tracking performance of the PLL, the phase error
being more sensitive to the phase dynamics in the incoming signals. Carrier tracking loops
perform normally when the phase error over the update interval is within the linear region of
the discriminator (Curran 2015). If the phase error overtakes the linear region, the assumption

of linear carrier tracking loop will fail.
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Loop Filter

A

Figure 2.4 A simplified linear model of GPS carrier tracking loops

According to Ward (2017), the phase jitter is given by

0
Orp = ’atz + 0 + 62 +?e (2.3)

where a; is the thermal noise induced phase jitter, given by (Van Dierendonck 1996; Groves

2013; Ward 2017)

o= {IHPOES, (A = (214 220) 2.4

c/no 2nc/ng
where H(f) is the frequency response of the transfer function for the linear PLL model shown
in Figure 2.4. S,,(f) is the single side power spectral density (PSD) of the thermal noise input
to the PLL. B,, is the noise bandwidth and 7 is the coherent integration time. c/n, is linear
form of C/NO, given by c/ny = 10%1*(¢/N0) The noise bandwidth and coherent integration
time are essential parameters that determine the loop tracking performance. The noise
bandwidth B,, controls the amount of noise allowed in the loop filter, which is defined as

(Razavi et al. 2008)

_ o [H(DP
By = Jy tnez o (2.5)

A larger bandwidth is beneficial for the robustness of tracking loops to dynamics, while a
narrow bandwidth contributes to a more accurate tracking (Won and Pany 2017). On the other

hand, the integration time is related to the tracking loop sensitivity and stability. It should be
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longer for the high sensitivity in weak or interfered signal tracking and shorter for the
robustness to high signal dynamics (Gardner 2005; Won and Pany 2017).

The oscillator induced phase jitter g, and 8, in Eqg. (2.3) are due to external vibrations and
Allan-variance, respectively. 6, is the dynamic stress error. Considering a stationary receiver,
which is usually the case in this thesis, o, and 6, are negligible. The Allan-variance induced
oscillator jitter 8,4 results from the instability of the oscillators in both receiver and satellite
clocks. As GNSS satellites use a stable atomic clock, the satellite oscillator noise is ignorable.
Thus, according to Irsigler and Eissfeller (2002), the Allan-variance induced oscillator noise

for a third order PLL is calculated by

2h_ h_ h
02 = 2m2f? [”M%Z tiEat ﬁ] (rad?) (2.6)

where f; is the signal carrier frequency. h_,, h_; and h, are clock parameters determined by
the type of oscillator. w,, is the radian frequency, related to the loop bandwidth by w,, = 1.2B,
for a third order PLL. A high-quality oven-controlled crystal oscillator (OCXO) is widely used
in ISMRs to accurately measure the phase dynamics under scintillation. According to the clock
parameters given by Irsigler and Eissfeller (2002), 6, is calculated as a function of PLL
bandwidth on GPS L1 band, and shown in Figure 2.5. It is seen that 8, decreases gradually

with the increase in B,,. It is much larger when B,,=5 Hz compared with 10 and 15 Hz.
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= 0.04r
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Figure 2.5 Allan variance induced oscillator phase jitter 84 in relation

to bandwidth B,, for a third order PLL

27



On the other hand, the standard deviation of the phase tracking errors, i.e., phase tracking jitter,

05, = ’0‘%, + a3, (2.7)

where g,, is the white noise at the discriminator output. According to Van Dierendonck (1996)

is defined as (Razavi et al. 2008)

and Groves (2013), g, is given as

_ 1 1
Ow = \/ch/no (1 + 2nc/n0) (28)

The coloured (or correlated) noise g, is due to the satellite and receiver oscillator instability,

ionospheric effects and dynamic stress effects (Razavi et al. 2008). It can be seen from Eq.
(2.8) that gy, is independent of loop bandwidth, which is different from the thermal noise in
phase jitter calculated by Eq. (2.4). Additionally, it is worth mentioning that in PLLs, the white
noise in Eq. (2.8) is propagated through the closed-loop noise time-update function to the

thermal noise in the phase jitter, given by (Van Dierendonck et al. 1992; Groves 2013)

o, =/ 2B;no,, (2.9)

The tracking error &, and tracking jitter 05, Can be estimated if the post-correlation In-phase

Ip and Quadra-phase Qp» measurements at the signal tracking stage are provided. For a PLL
with an arctangent discriminator, the tracking error and tracking jitter are respectively given by

(Ward 2017)

8, = atan ((I)—:) (rad) (2.10)
05, = std(8,,) (rad) (2.11)

When there is only white noise in the discriminator output, the tracking jitter can be

approximated by 05, = O In order to verify the relationship between the phase jitter and the

phase tracking jitter given by Eq. (2.9), 10 second raw IF GPS L1 C/A data with C/NO = 45

dB-Hz containing only Gaussian noise is generated using a MATLAB GNSS signal simulation
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tool. A SDR receiver, described in Section 2.4.2, with the PLL configured to different
bandwidths B,, and integration times 7 is applied to process the simulated data. The phase jitter
is then calculated, respectively, by Eq. (2.4) with the measured C/NO, denoted as o, and Eq.
(2.9) and (2.11) with the PLL discriminator output (considering the case when there is only
white noise), denoted as o, giscri- AS Figure 2.6 shows, o, aiscri aligns closely with the lines
of ,,, except when B, = 15 Hz and n = 20 ms, where a clear bias of around 0.003 rad is
observed. The reason for this bias is not due to the Gaussian noise and is explained in Razavi
et al. (2008) and Stevanovic and Pervan (2018). Nevertheless, the bias is quite small and
produces little effect on this study. In this thesis, Eq. (2.9) is used to develop alternative
approaches to estimate the phase jitter in the presence of scintillation by exploiting the SDR

receiver, which is introduced in detail in Chapter 4.
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Figure 2.6 Variations of the phase jitter calculated, respectively, using

Eq. (2.4) with the measured C/NO, denoted as gy, and Eq. (2.9) and
(2.11) using the PLL discriminator output, denoted as o, giscri, based

on the simulated GPS L1 C/A data
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2.2.3 DLL tracking performance
The code noise errors at the output of DLL are mainly due to the thermal noise. A general
expression of the code noise for a dot-product discriminator is given by (Sleewaegen et al.

2004; Tawk et al. 2012)

o, = \/BL(l_R(d))(1+ L) (chip) 2.12)

2a2c/ng nc/ng

and for an early minus late (E-L) discriminator is given by (Tawk et al. 2012)

o :\/BL(l—R(d)) (1+ 2 ) (chip) (2.13)

2a%c/ng (2—ad)nc/ng
where B, is the DLL bandwidth in Hz. d is the early-to-late correlator spacing in chips. R(d)

dR(-5)
d-9

is the correlation peak evaluated at a delay of d. n is the DLL integration time. a = is

the slope of the correlation evaluated at —%. It should be noted that the calculation of « is

simplified as the dependence of the slope on the front-end bandwidth is not considered. For
BPSK modulation signals, for example GPS L1 and Galileo E5a pilot signals, R(d) =1—d
and @« = 1, while for BOC(1, 1) signals, R(d) =1 —3d and @ = 3. Figure 2.7 shows the
DLL code jitter in relation to C /N0 and correlator spacing d for GPS L1 C/A signal. As it can
be seen, the code jitter decreases gradually when C/NO increases from 25 to 50 dB-Hz. The
curve with the largest correlator spacing, i.e., d =1 chip, has the largest code noise.
Additionally, it is seen that the dot-product and E-L discriminator presents less difference in
the code jitter. In this case, the loop bandwidth B, is set to 0.25 Hz and the integration time is

set to 20 ms.
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Figure 2.7 Variation of code jitter in the output of the DLL in relation

to C/NO and correlator spacing d

Similar to Eq. (2.9), the code jitter at the DLL output is related to the discriminator noise by
(Groves 2013)

o; = /2B noyp (2.14)
where oy is the standard deviation of the discriminator output in DLL. Using the SDR
receiver introduced in Section 2.4.2, the simulated GPS L1 C/A IF data containing only the
white noise with C/NO varying from 35 to 55 dB-Hz is processed. The code jitter is then
estimated using Eq. (2.14), denoted as o; g4;s¢i, and compared with that calculated by Eq.
(2.12) with R(d) = 1 — d and a = 1, as shown in Figure 2.8. It can be seen that o; y4;5.,; falls
on the lines for different DLL bandwidth B, and correlator spacing d. Eq. (2.14) is further used

to estimate the code jitter caused by scintillation and is described in Chapter 4.
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Figure 2.8 Variations of the code jitter calculated, respectively, by Eq.
(2.12) and Eq. (2.14) based on processing the simulated GPS L1 C/A

data using the SDR receiver

2.3 Precise Point Positioning - PPP

In this thesis, PPP is used to estimate receiver positions. PPP is an advanced technique which
can deliver an accuracy of centimetres in real time. By implementing advanced error models
in position estimation, the non-scintillation effects on GNSS positioning can be minimized to
enable the analysis of scintillation effects on GNSS positioning, as well as to test the
performance of scintillation mitigation approaches. The introduction of the PPP algorithm and

the PPP software used in this thesis are given in this section.
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2.3.1 PPP estimation

PPP is a global positioning technique which usually uses pseudorange and carrier phase

measurements on dual- or multi-frequency signals. For a dual-frequency GNSS receiver

tracking signals at frequencies f; and £, the observation equations for pseudorange and carrier

phase measurements can be written as (Hauschild 2017a)

where:

Pl=p"+c(dt—dT™) +c(dy —d})+1+T (2.15)
P} =p"+c(dt—dT™) +c(d, —d}) +yl+T (2.16)
Mot =p"+c(dt —dT™) +c(6; —61) =1+ T+ A4N{* (2.17)
Ay = p™ +c(dt —dT™) + c(6, — 63) —yI + T + A,N} (2.18)

PI* and PJ' are the pseudorange measurements,

p™ is the geometrical distance between the satellite n and the receiver,
c is the speed of light in vacuum,

dt and dT™ are the receiver and satellite clock errors, respectively,

d,, d,, 6; and &, are the signal biases induced during the reception of the signals by

receivers,

T, d%, 61, and 67 are the signal biases that occur when the signals are generated from

satellites,

1 is the ionospheric delay, which accounts for the first-order effects of ionosphere,

T is the tropospheric delay,

2
y equals ;—12 which relates the ionospheric delay on different frequencies,

2

A; and A, are the wavelengths corresponding to signals at frequencies of f; and f,

@1 and @7 are carrier phase measurements,N; and N, are the integer number of cycles

on @7 and ¢ measurements, respectively, which are usually called ambiguities.
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In PPP calculation, the errors included in Eg. (2.15) to (2.18) are mostly modelled or removed.
Satellite and receiver clock errors and satellite orbits errors are corrected by exploiting the
precise clock and orbits correction products broadcasted by a network of GNSS reference
stations, like the International GNSS Service (IGS). The first order ionospheric delay I is
determined by the frequency of the signal and the number of free electrons along its path
(Hauschild 2017a). It can be removed by the ionospheric-free combination, which is given by

(Hauschild 2017a)

1
P = o (fEPT + f£P7) (2.19)

for the pseudorange measurements and

1
ff=17

@3 = (ffot + £ 93) (2.20)

for the carrier phase measurements. P* and @% are, respectively, the ionosphere-free
pseudorange and carrier phase combination. It is worth mentioning that although by forming
the ionosphere-free combination the ionospheric-delay effect is mostly removed, this approach
does not mitigate the effect of the scintillation, which remains as a challenge in GNSS
positioning.

The tropospheric delay T is due to the dry gas, water vapour and moist gases that are
concentrated in the troposphere (Groves 2013; Hauschild 2017a). The corresponding effects
are related to the temperature, the relative humidity and the pressure along the signal path
(Hauschild 2017a). Signals from satellites with a low elevation tend to experience more
tropospheric delay as they pass through relatively longer paths in the troposphere (Groves
2013). The tropospheric delay is usually divided into two components, namely the hydrostatic
delay, which contributes to around 90% of the total bias, and the wet delay, which contributes
to the remaining 10%. The hydrostatic delay is modelled by mathematical models, such as the

Saastamoinen model (Saastamoinen 1972), or the EGNOS tropospheric model (RTCA 1996),
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while the wet delay can be corrected by adjusting to a standard tropospheric activity and
estimated at a regular fixed interval (Pace et al. 2010).

The signal biases are due to the GNSS instrument delays, which results in the imperfect
synchronization of the different signals (Hauschild 2017a). In the PPP calculation, these biases
can be mitigated by processing double differences of observations using a reference station, or
with corrections estimated from a reference station network (Hauschild 2017a).

A Kalman Filter (KF) is widely implemented in PPP estimation. In this case, the receiver
coordinates, receiver clock errors, tropospheric delay and phase ambiguities are estimated KF
states, which are improved with successive GNSS measurements. The KF states can converge
to stable and accurate values after a convergence period, which is usually 20 to 40 minutes and
significantly depends on the number of visible satellites and their geometry, ionospheric
conditions and receiver environment (Verhagen and Teunissen 2017). In PPP processing, the
receiver coordinates can be estimated based on all observations accumulated over a period of
time, referred to as a static solution/processing, or based on an epoch per epoch adjustment,
referred to as a kinematic solution/processing. The static PPP solution can achieve a better
positioning accuracy, while the kinematic approach is more sensitive to the transient noise in
GNSS measurements, e.g., scintillation effects. In the framework of this thesis, static PPP is
performed to obtain the precise coordinates of receiver, which are then set as reference
coordinates. The positioning errors obtained using kinematic PPP are estimated against the
reference coordinates, aiming to show the change in PPP accuracy under scintillation effects.
2.3.2 Stochastic models

The least square stochastic model in PPP estimation usually assigns weights to GNSS
measurements according to a prior knowledge of the noise level for each individual observable.
Ignoring the correlation between GNSS measurements, the standard stochastic model used in

PPP is in the form of
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0 —— ... 0
W = (a))? (2.21)
i 0 0 ]

where ¢t, o/, ... o™ are the precisions of measurements i, j, ... n, which can be pseudorange
or carrier phase measurements or their combinations, e.g., the ionosphere-free combinations
given by Eq. (2.19) and (2.20). An easy method to define the stochastic model is to assign a
constant precision to all the pseudorange measurements and a constant precision to all the
carrier phase measurement, which is also referred to as “constant weighting”. The precision
value allocated to the carrier phase measurements is usually smaller than that allocated to the
pseudorange measurements, as the former is usually more precise.

The constant weighting strategy is in most cases not realistic, as measurements obtained from
different satellites may be affected by different effects (for instance related to different
scintillation levels), thus their precisions may vary significantly. Therefore, it would be much
more reasonable to define the measurement precisions in Eq. (2.21) as a function of the satellite
elevation, an approach known as “elevation weighting”, which is based on the fact that signals
from satellites at a lower elevation are more susceptible to multipath and atmospheric
diffraction effects. An example of the function used in defining elevation weighting is given

by (Teunissen and Montenbruck 2017)

1
o' = Udefault * sin(E) (2.22)

where E is the satellite elevation. ggerqu. IS the default measurement noise. The commonly
used values of o, g for GPS L1 C/Aand L2 P pseudorange and carrier phase measurements

are 0.3 m and 0.01 cycles, respectively.
The elevation weighting strategy has been used in PPP studies and applications, and generally

achieves an excellent positioning accuracy. In order to account for the adverse effects of
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scintillation, an improved weighting scheme was proposed in Aquino et al (2009). In this
approach, the precision of the measurements is represented respectively by the phase and code
error variances at the PLL and DLL outputs estimated by the models described in Conker et al.
(2003). Therefore, measurements more affected by scintillation will have a higher phase or
code error variance and a lower precision and weight in the stochastic model, which leads to a
decreased contribution to the positioning estimation. The details of estimating scintillation
induced phase and code errors in receiver tracking loops are introduced in Chapter 4.

2.3.3 PPP software

In this thesis, the PPP calculations are performed using the University of Nottingham in-house
POINT software (Mohammed 2017), which is capable of performing single- and multi-GNSS
PPP. In additional to the commonly used constant and elevation weighting strategies which
have been included in POINT, it also provides the interaction for users to manually define the
stochastic models.

In order to isolate the measurements affected by cycle slips in the coordinate estimation, the
Melbourne-Wibbena Wide-Lane (MWWL) combination, involving code and carrier phase
measurements on dual-frequency signals, and ionospheric total electron content rates (TECRS),
involving the geometry-free combination of carrier phase measurements, are both calculated
to jointly detect the cycle slips (Liu 2011) in the PPP estimation. When a cycle slip is detected,
the biased carrier phase ambiguity is reset. Moreover, a detection identification adaptation
(DIA) algorithm using KF post-fit measurement residuals normalized by the variance-
covariance matrix elements is also implemented to detect model errors (Teunissen 1998). If the
DIA algorithm identifies a carrier phase measurement as an outlier, then the corresponding
ambiguity is reinitialized. The implementation of DIA algorithm aims to isolate the carrier
phase measurement outliers to the utmost, which helps to highlight the performance of

scintillation mitigation approaches on reducing GNSS positioning errors under scintillation.
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Using the POINT software, PPP based on GPS L1 C/A and L2 P measurements is estimated to
analyse the scintillation effects on GNSS positioning. The performance of scintillation
mitigation approaches is analysed in Chapters 5 and 6.

2.4 Scintillation monitoring using GNSS

lonospheric scintillation can seriously disturb GNSS signals. However, the affected signals
conversely provide an opportunity to characterise scintillation and study the ionospheric
morphology. In order to monitor ionospheric scintillation, specialised GNSS receivers that
measure scintillation indices as well as record raw signal intensity and phase measurements are
employed. This type of GNSS receiver is commonly referred to as an ISMR. In this section,
the typical ISMRs used for scintillation data collection are introduced. Regional networks of
ISMRs deployed for scintillation study at both high and low latitudes are also presented.

2.4.1 lonospheric scintillation monitoring receiver - ISMR

ISMRs are specialized GNSS receivers dedicated for ionospheric monitoring and space
weather research. Two types of commercial ISMRs are used in this thesis for scintillation data
collection, namely the PolaRxS Pro, developed by Septentrio Satellite Navigation, and the
GSV4004B, developed by Novatel and AJ Systems. The PolaRxS Pro receiver is a multi-
frequency multi-constellation receiver that can simultaneously track the GPS, GLONASS,
Galileo, BDS and SBAS signals, covering multi-frequency L1/L2/L5/E5 AItBOC signals

(www.septentrio.com/en/support/polarx/polarxs). It is able to log and output 50 to 100 Hz post-

correlation Ip and Qp measurements in the prompt branches and carrier phase ¢, samples in
the PLL output, as shown in Figure 2.3. Scintillation indices, including S4, Phi60, p and T, on
different signals are estimated and output along with other parameters such as satellite elevation
and azimuth, C/NO, signal lock time, TEC etc. An ultra-low noise OCXO is implemented to

ensure a low background noise in carrier phase which is suitable for scintillation monitoring.

38


http://www.septentrio.com/en/support/polarx/polarxs

Details of scintillation index estimation using the high frequency amplitude and phase
measurements are introduced in Section 3.1.

The PolaRxS Pro receiver enables users to configure the PLL and DLL tracking loop
parameters through a user-friendly graphical user interface (GUI), which provides the
opportunity to analyse the effects of receiver tracking loop tuning on scintillation index
estimation and receiver tracking performance under scintillation. It is worth mentioning that
due to the fact that the receiver AGC could be activated to automatically adjust the gain of
signal intensity, which indeed affects the calculation of scintillation index, the AGC was
disabled during the scintillation data collection (Van Dierendonck et al. 1993). In addition, the
C /N0 mask under which the receiver would declare a loss of lock is configured to 15 dB-Hz,
in order to maintain the receiver locked to the satellite as much as possible even under strong
scintillation conditions.

The GSV4004B is a GPS ionospheric scintillation and TEC monitor (GISTM), which tracks
GPS L1 and L2 signals. The receiver can output 50 Hz amplitude and phase measurements for
visible satellites tracked on L1 signals. Scintillation indices, including S4 and Phi60, as well
as TEC, estimated using both L1 and L2 measurements are measured and output. An OCXO is
also implemented in the receiver to provide clock reference.

PolaRxS Pro and GSV4004B receivers are widely deployed over the world to monitor the
ionosphere and study scintillation. An interesting question is raised whether these two types of
ISMRs perform comparably in monitoring scintillation, as the estimation of scintillation
indices may be related to the receiver tracking loop models and configurations (Rougerie et al.
2016). If the scintillation indices measured by both types of ISMRs are comparable, they can
be combined in scintillation studies. In order to verify the performance of these two types of
ISMRs, GNSS signals with scintillation effects superimposed on them are simulated using a

signal simulator and processed by both the receivers. The scintillation indices are then
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calculated and compared, as described in Section 3.2. The simulation of GNSS scintillation
data is accomplished by a hardware simulator, which is described in Section 2.5.

2.4.2 Scintillation monitoring using an SDR receiver

SDR based GNSS receivers with the tracking loops and associated internal measurements
accessible to users have been widely applied to monitor and analyse scintillation (Fortes et al.
2015; Ganguly et al. 2004; Xu and Morton 2017; Cristodaro et al. 2018; Linty et al. 2018).
While both ISMRs and SDR receivers can be exploited for scintillation analysis, the software
approach provides flexibility and full data access to the receiver chain, allowing a deeper
analysis of the scintillation impact on the receiver internal parameters (Linty et al. 2018).
Leveraging on the advantages of SDR receivers, the raw IF scintillation data on GPS L1 C/A
signals collected at equatorial and Antarctic regions are analysed in this thesis to evaluate the
scintillation effects on tracking loops.

The scintillation data collection setup using an SDR receiver, shown in Figure 2.9, is a custom-
design solution based on a multi-frequency radio front-end (RFE). Through the processes in
the RFE, the captured RF GPS L1 C/A signal is down-converted to the IF signal, sampled at 5
MHz and digitized to complex eight-bit data (Curran et al. 2014) and stored. The digital IF data
are then post-processed in the MATLAB based SDR receiver (Savas et al. 2019), developed
by ESR5 in Politecnico di Torino under the framework of the TREASURE project. The
accuracy of GNSS phase measurements significantly depends on the characteristics of the RF
chain from the GNSS antenna to the RFE (Demyanov et al. 2019) and the clock used to provide
time reference. In the RFE shown in Figure 2.9, an OCXO is implemented. Additionally, as
the SDR receiver is not operating in real time, the scintillation indices output by the ISMR in
the data collection are used to first detect the occurrence of scintillation. Once scintillation is
detected, the IF data in the corresponding period is stored for further analysis by the SDR

receiver.
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Figure 2.9 GNSS scintillation data collection setup using the SDR

defined receiver

Compared with the typical ISMRs, like PolaRxS Pro and GSV4004B, which can log up to 100
Hz amplitude and phase measurements, the SDR receiver is able to output 1000 Hz
measurements when the loop integration time is set to 1 ms, which provides sufficient samples
for scintillation analysis. Additionally, according to McCaffrey and Jayachandran (2017), the
deviation frequency, which distinguishes scintillation effects and white noise in scintillation
spectra, is much less than 1000 Hz. Thus, in this thesis, the 1000 Hz intensity and carrier phase
measurements are down sampled to 50 Hz in the scintillation indices estimation, while in the
tracking loop phase error and tracking error analysis, the raw intensity and phase measurements
without down-sampling are used.
2.4.3 Regional ionospheric monitoring networks
The GNSS scintillation data sets analysed in this thesis are collected from ISMR stations built
in different networks at both high and low latitudes. These ISMR networks include:

(1) The CIGALA (Concept for lonospheric Scintillation Mitigation for Professional GNSS

in Latin America) and CALIBRA (Countering GNSS high Accuracy applications
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Limitations due to lonospheric disturbances in Brazil), networks in Brazil (https://is-

cigala-calibra.fct.unesp.br/is/), funded by the EC 7" Framework Program. Scintillation

over the Brazilian territory is particularly active as it is close to both the Equatorial
lonization Anomaly (EIA) and the South Atlantic Magnetic Anomaly (SAMA) (Spogli
et al. 2013). In the CIGALA/CALIBRA network, 18 PolaRxS Pro receivers are
currently operational to record scintillation indices and raw amplitude and phase
measurements, as shown in Figure 2.10. A web-based software named ISMR Query
Tool was established to allow the visualisation and analysis of scintillation events and

to enable registered users to download scintillation data (\Vani et al. 2017).
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Figure 2.10 Distribution of the operational PolaRxS Pro receivers in

CIGALA/CALIBRA

(2) The Canadian High Arctic lonospheric Network (CHAIN) (Jayachandran et al. 2009),
equipped with 6 Canadian Advanced Digital lonosondes and 24 ISMRs, including 15

PolaRxS Pro and 9 GSV4004B active receivers (http://chain.physics.unb.ca/chain/), as

listed in Table 2.2.
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Table 2.2 Locations of the ISMR stations in CHAIN network

Stati_on_ Lat. Long. Receiver Stati_on_ Lat. Long. Receiver
Abbreviation (°N)  (°E) Abbreviation (°N)  (°E)

EURC 79.99 27410 GSV4004B KUGC 67.82 244.87 PolaRxS Pro
RESC 74.75 265.00 GSV4004B REPC 66.52 273.77 PolaRxS Pro
PONC 72.69 282.04 GSV4004B CORC 64.19 276.65 PolaRxS Pro
TALC 69.54 266.44 GSV4004B RANC 62.82 267.89 PolaRxS Pro
CBBC 69.10 254.88 GSV4004B FSIC 61.76 238.77 PolaRxS Pro
HALC 68.77 278.74 GSV4004B ARVC 61.10 265.93 PolaRxS Pro
QIKC 67.56 295.97 GSV4004B FSMC 60.03 248.07 PolaRxS Pro
IQAC 63.74 291.46 GSV4004B CHUC 58.76 265.91 PolaRxS Pro
SANC 56.54 280.77 GSV4004B RABC 58.23 256.32 PolaRxS Pro
ARCC 73.00 274.97 PolaRxS Pro MCMC 56.65 248.78 PolaRxS Pro
SACC 71.99 234.74 PolaRxS Pro GILC 56.38 265.36 PolaRxS Pro
GJOC 68.63 264.15 PolaRxS Pro EDMC 53.35 247.03 PolaRxS Pro

The CHAIIN network aims to allow understanding the polar cap ionosphere under solar

and interplanetary magnetic field conditions. Scintillation indices, TEC measurements

and 50 Hz amplitude and phase measurements are logged by the ISMRs and are

available through FTP services. The distribution of ISMRs in CHAIN is presented in

Figure 2.11.
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Figure 2.11 Distribution of the PolaRxS Pro and GSV4004B ISMRs

in CHAIN

(3) INGV ionospheric monitoring network deployed under the framework of the
DemoGRAPE project (Alfonsi et al. 2016; Linty et al. 2018) and eSWua project

(http://www.eswua.ingv.it/index.php), with stations operational in Arctic, Africa,

Mediterranean, South America and Antarctic.

The analysis of scintillation data collected from both low and high latitude stations benefits a
full understanding of scintillation as well as its effects on GNSS.

2.5 Scintillation simulation using hardware simulator

A GNSS hardware signal simulator is used to generate scintillation affected signal data
comparable to real open-sky data collected by ISMRs. It can re-generate the signals with the
same scenarios, thus allowing for testing the performance of different GNSS devices.
Additionally, the simulator can select and configure the noise contaminating the GNSS signals.
This is different from the real GNSS data which may be contaminated by several unknown
effects. In this thesis, a Spirent GNSS signal simulator, GSS8000-series Radio Frequency
Constellation Simulator (RFCS) (Spirent Communication plc 2016), available at the University

of Nottingham is used to generate GNSS signals. The Spirent SImMGEN ® software is used to
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set up a simulation scenario. A user command file (.ucd file) is activated in the simulation to
superimpose scintillation effects on the signals. The .ucd file was generated based on real
scintillation data set. It contains the profile of the signal intensity and phase fluctuations under
scintillation. The simulated GNSS scintillation data are recorded by the two types of ISMRs
introduced in Section 2.4.1 in order to investigate their performance in scintillation monitoring.
The results are shown and discussed in Section 3.2.2.

2.6 Summary

This chapter provided a focused review of GNSS, targeting the topics of interest to this thesis,
including signals, receivers and positioning determination algorithms. In particular, receiver
code and phase tracking loops and tracking errors are introduced, which benefits a better
understanding of the modelling of scintillation effects on tracking loops given in Chapter 4.
Among all the GNSS positioning techniques, PPP algorithms are described in detail, which is
applied hereafter to investigate the scintillation effects on GNSS positioning and to test the
performance of scintillation mitigation approaches. Additionally, two types of ISMRs that are
widely used for scintillation data collection and the ISMR networks deployed at low and high
latitudes are described. The SDR receiver used in this thesis is also introduced. Scintillation
simulation using the GNSS hardware signal simulator is described finally. In the next Chapter,
the scintillation indices estimation based on the high frequency data logged by ISMRs is
described. The signal intensity fading under scintillation and its effects on receiver tracking

loops are analysed.

45



3 Scintillation data processing and intensity fading

characterisation

This chapter covers the scintillation data detrending and scintillation indices estimation
techniques used in this thesis, which involve processing high frequency signal amplitude and
phase measurements logged by the ISMRs. Based on the simulated GNSS scintillation data,
the difference of two types of ISMRSs in scintillation monitoring and the effects of receiver PLL
bandwidth and integration time tuning on the scintillation indices estimation are fully analysed.
Additionally, the signal intensity fadings due to scintillation is characterized using three months
of real scintillation data collected during solar maximum at low latitudes, where scintillation is
more severe and frequently observed. The relationship between fadings and scintillation levels
is modelled and the effects of intensity fadings on PLL tracking loop performance are
investigated. Based on the analysis, it is found that it is necessary to estimate the scintillation
indices at a higher sampling rate.

3.1 Scintillation indices estimation

lonospheric scintillation is normally distinguished as amplitude and phase scintillation,
referring to the rapid and random fluctuations in signal intensity and phase, respectively. Using
the high frequency amplitude and phase measurements logged by the ISMRs introduced in
Section 2.4, amplitude and phase scintillation indices are estimated to indicate the respective
scintillation levels. A data detrending process is implemented in order to minimize the non-
scintillation related effects before the scintillation index estimation. Figure 3.1 shows the data

flow to calculate scintillation indices using the 50 Hz amplitude and phase measurements
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logged by PolaRxS Pro receiver. Details of the data processing in the figure are introduced

hereafter.

Output| i

—  50Hzl,, Q,

;

50 Hz intensity P Detrending

Amplitude
scintillation index

Scintillation

analysis
Phase
scintillation index

—> 50 Hz phase ¢, Detrending

Figure 3.1 Amplitude and phase scintillation index estimation process
using 50 Hz amplitude and phase measurements logged by PolaRxS

Pro receiver

3.1.1 Amplitude scintillation index

Before the amplitude scintillation index estimation, raw signal intensity measurements need to
be detrended in order to remove the low-frequency variation in signal intensity caused by non-
scintillation effects, e.g., satellite motion, antenna pattern and multipath. Using the high
frequency post-correlation In-phase I, and Quadra-phase Qp measurements in the prompt
branches, as shown in Figure 2.3, the signal intensity P is calculated by

P =13+ Q} (3.1)

In data detrending, the intensity measurements are first passed through a sixth-order
Butterworth low-pass filter with a cut-off frequency of 0.1 Hz to obtain the intensity trend,

denoted as P;,-.nq. Then the raw intensity P is normalized by its 60-second averaged trend to
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obtain the detrended signal intensity P;.., as shown in the following equation (Van

Dierendonck et al. 1993; Van Dierendonck and Arbesser-Rastburg 2004)

P

Pget = (3.2)

(Ptrend)éo s

where P, is the detrended signal intensity. (-) denotes arithmetic mean. After detrending, the
low-frequency variations in P;,.. can be significantly removed, and the value of Py, will
fluctuate around 1 (0 dB). It is interesting to note that the cut-off frequency can influence the
fluctuation of the detrended intensity, thus affecting the calculation of the scintillation index
(Forte and Radicella 2002; Mushini et al. 2012).

With the detrended signal intensity measurements, the amplitude scintillation index S4, defined
as the standard deviation of the detrended signal intensity normalized by its mean over 60

second, is calculated as (Van Dierendonck et al. 1993; Van Dierendonck, 1999)

2 — 2
S4toral =\/<Pdet)605 (Pdet)eos (3_3)

(Pdet)éOS
As there is still ambient noise included in Py, the S4,,:4; Calculated by Eqg. (3.3) needs to be
corrected to remove the ambient noise contribution, which is estimated as (Van Dierendonck

et al. 1993)

Shpoise = J 14 ] (3.4)

c/ng 19*c/ny

Thus, the corrected S4 is calculated as (Van Dierendonck et al. 1993)

S4 = \/S4gotal - 5412101'5:3 if S4totar > S4noise (3.5
0 if S4totar < S4noise

The corrected S4 is employed to carry out the analysis throughout this thesis.

Figure 3.2 shows an example of the intensity measurement detrending process on GPS L1 C/A
signal for PRN 18 observed between UTC 00:00 and 02:20 on 11 December 2014 at Presidente
Prudente (Lat. 22.12°S, Long. 51.41°W, Magnetic Lat. 12.74°S), denoted PRU2, a low latitude

scintillation monitoring station near the geomagnetic equator in the CIGALA/CALIBRA
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network in Brazil, as shown in Figure 2.10. During this period, significant and rapid
fluctuations in the signal intensity can be observed in the top panel. Apart from these rapid
fluctuations, the intensity also varies slowly with time as denoted by the red line. This slow
trend is mainly caused by the range change due to the satellite motion. In intensity detrending,
this trend is removed and the detrended intensity fluctuates around 0 dB, as shown in the middle
panel. Based on the detrended intensity, the amplitude scintillation index S4 is estimated, as
shown in the bottom panel. It can be seen that the level of S4 is substantially modulated by the

extent of signal intensity fluctuations.
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Figure 3.2 Intensity measurement detrending and scintillation index
estimation on GPS L1 C/A signal for PRN18 observed between UTC
00:00 and 02:20 on 11 December 2014 at PRU2 station. Panels

respectively show the measured signal intensity and trend (top), the
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detrended signal intensity (middle) and the variation of $4 and satellite

elevation (bottom) as a function of time

It is worth mentioning that even after the data detrending process, there still might be non-
scintillation effects present in the detrended signal intensity, e.g., multipath, which may
contaminate the estimation of scintillation index, as well as affect the scintillation study. To
minimize the effects of multipath on scintillation analysis, a common approach is to remove
the scintillation data captured on satellites with elevations lower than 30°. Readers interested
in the study of distinguishing scintillation and multipath may refer to McCaffrey et al. (2017).
3.1.2 Phase scintillation index

The detrending of the carrier phase can be realized by passing the high frequency phase
measurements ¢,, through a sixth-order high pass Butterworth filter with a cut-off frequency
of 0.1 Hz (Van Dierendonck et al. 1993), which is a value widely used in scintillation studies
as well as in the ISMRs. The phase scintillation index Phi60, is defined as the standard
deviation of the detrended carrier phase measurements in 60 seconds, given by (Van

Dierendonck 1999)

Phi60 = \/ (9%et)60s — (Paer)2os (rad) (3.6)

where ¢, 1S the detrended carrier phase. PSD of the detrended carrier phase measurements is
also calculated to characterize phase scintillation in the frequency domain. According to Rino
(1979), the PSD of phase scintillation can be represented by a wave diffraction phase screen

model, defined as

Se(f) = m (3.7)

where f, is the frequency corresponding to the outer scale size of irregularities. f is the

frequency component of the detrended phase measurements. p is the spectral index
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corresponding to the opposite of the PSD slope in log-log axis. T is the spectral strength, which
is the value of the PSD at 1 Hz. When f > f;, which is usually the practical case, S, (f) =
TfP.

Figure 3.3 gives an example of the phase PSD curves in two different minutes calculated based
on the carrier phase recorded by a PolaRxS Pro receiver. The linear fitting functions of the PSD
curves over 0.1 to 25 Hz in log-log axes are also included in the figure. As it can be observed,
when there is no scintillation with Phi60 = 0.02 rad, the phase PSD curve, in pink, is
relatively flat between 0.1 to around 5 Hz. By contrast, under phase scintillation with Phi60 =
0.48 rad, the PSD curve in blue obviously shifts upward resulting in an increased spectral
energy, leading to a steeper slope and a larger p value. It should be noted that for both curves,
the energy of the phase spectrum is at a low level when the frequency is lower than 0.1 Hz.
This is due to the phase measurement detrending process where a high pass filter with a cut-

off frequency of 0.1 Hz is used.
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Figure 3.3 PSD curves of the detrended phase measurements with and
without scintillation calculated based on phase measurements recorded

by a PolaRxS Pro receiver
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On the other hand, the phase variance is related to p and T by (Rino 1979; Conker et al. 2003;

Aquino et al. 2007)

Jupper
o2 = zf TFPdf (3.8)

frower

In Eq. (3.8), fupper is defined by half of the sampling frequency, while f;,., is given by the

inverse of the time interval for the estimation, or by the cut-off frequency used for the phase
measurement detrending, whichever is higher (Aquino et al. 2007). When using 50 Hz data to

estimate the scintillation index at a rate of 1 minute, f,,,,er @aNd fiower are setas 25 and 0.1 Hz,

respectively. Performing the integration of Eq. (3.8), the following equation is obtained

(Aquino et al. 2007)
25" —-0.17
o = ar [0 69)
r
where r = 1 — p. If the integration is performed based on 60 seconds data, g,, is equivalent to
Phi60. Figure 3.4 presents the relationship between a,,, p and T according to Eq. (3.9). As the
figure shows, when the value of p is fixed, T increases dramatically with the increase in g,

while the increase in p will not cause significant increase in T when g, is unchanged,

indicating that T is less sensitive to the variation of p.
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Figure 3.4 Relationship among phase scintillation indices g, p and T

3.1.3 Scintillation index across carrier frequency bands
The scintillation intensity is related to the RF signal carrier frequency. A signal with a lower
frequency is more vulnerable to scintillation. For two RF signals with the carrier frequencies

of f; and f;, the scintillation indices on different signals satisfy the following relationships

(Rino 1979; Hegarty et al. 2001; Conker et al. 2003)

1.5
Sa(f,) = (?) S4(f,) (3.10)
Phi60(f,) = (f—l) PRi60(f,) (3.11)
p(f2) = p(f) (312)

Figure 3.5 shows an example of the relationship between Phi60 measured respectively on
Galileo E1 and E5a signals. The scintillation data was collected by a PolaRxS Pro ISMR
deployed at Longyearbyen (78.169°N, 15.992°F) in the Arctic during a geomagnetic storm in

September 2019. As it can be seen, the ratio of the measured Phi60 index on E5a to that on E1

is 1.35, which is approximately the ratio between fz; and fgs,-
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Figure 3.5 Relationship between Phi60 measured respectively on
Galileo E1 and E5a signals. The data were collected by a PolaRxS Pro
receiver deployed at Longyearbyen in the Arctic during a geomagnetic

storm which took place from 29 August to 3 September 2019

Since the high frequency amplitude and carrier phase measurements for GPS L2 P signals are
not logged by the ISMRs, the scintillation indices for L2 P signals are approximated using Eq.
(3.10) to (3.12) in this thesis. With the estimated scintillation indices, the phase and code error
variances in the receiver PLL and DLL are calculated. This is described in Chapter 4.

3.2 Tracking loop tuning effects on scintillation monitoring

As described in Section 2.4, different types of ISMRs are employed to monitor scintillation.
However, the estimation of scintillation indices may be related to the receiver tracking loop
models and configurations. By processing simulated scintillation data, this section investigates
the effects of PLL bandwidth and integration time tuning on scintillation index estimation. The

different characteristics of ISMRs in scintillation estimation are also analysed.

54



3.2.1 Scintillation data simulation

Using the GNSS hardware simulator introduced in Section 2.5, scintillation data on GPS L1
C/A signal were simulated. In the simulation, the scintillation profile file, i.e., the .ucd file, was
generated from a 2-hour real scintillation data set collected at PRU2 station. In this analysis,
the PolaRxS Pro and GSV4004B receivers with the default settings are first connected to the
simulator output to record the simulated scintillation data. Scintillation indices calculated using
the recorded data are then compared between receivers.

In addition, the simulation and data collection were replayed by changing the PLL bandwidth
B,, and coherent integration time n in PolaRxS Pro receiver through the GUI. A total of five
simulations were carried out. The configurations of B,, and n in the PLL for each simulation
are summarized in Table 3.1. Based on the 50 Hz amplitude and phase measurements logged
by the receiver, the amplitude and phase scintillation indices in each case are calculated and
compared. It is worth mentioning that Case 3 has the same parameters as the default receiver
configuration. Clean data is also generated in Case 5 for comparison. It is worth mentioning
that the same scintillation scenario is applied to all the visible satellites in the simulation.

Therefore, only one satellite is selected for the analysis hereafter.

Table 3.1 PLL configurations for each case in the analysis

B, (Hz) n (ms) Scintillation effects

Case 1 5 10 Enabled
Case 2 10 10 Enabled
Case 3 15 10 Enabled
Case 4 15 20 Enabled
Case 5 15 10 Disabled

3.2.2 Comparison of different types of ISMRs in scintillation monitoring
This section presents the performance of different types of ISMRs in scintillation monitoring.

As mentioned in Section 3.2.1, the simulated data was recorded by PolaRxS Pro and
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GSV4004B ISMRs with the default configurations, respectively. Using the 50 Hz amplitude
and phase data, the scintillation indices, S4, Phi60, p and T, are calculated following the
procedure introduced in Section 3.1. Figure 3.6 shows the variations of the S4 and Phi60
indices calculated using the data logged by the two ISMRs. As it can be seen, the scintillation
indices obtained by both ISMRs generally match well, while slight biases are seen in Phi60

shown in the bottom panel.
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Figure 3.6 Comparison of scintillation indices S4 (top) and Phi60
(bottom) calculated using 50 Hz amplitude and phase measurements

respectively logged by PolaRxS Pro and GSV4004B receivers

To compare the phase scintillation spectrum, the PSDs of the phase scintillation in the 48"

minute are calculated using the phase measurements, as shown in Figure 3.7. In this minute,
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the Phi60 calculated using the PolaRxS Pro logged data is 0.33 rad, while it reaches 0.38 rad
for GSV4004B receiver. It can be seen that the PSD curves in both panels are quite similar
from 0.1 to around 2 Hz. The slope of the PSD in the left panel keeps decreasing with the
increase in frequency, while in the right panel, the PSD starts to deviate from the slope, which
indicates that the high frequency noise component is stronger in the phase measurements
recorded by GSV4004B receiver. This high frequency component is mainly the white noise
that contaminates the incoming signal and the receiver thermal noise (McCaffrey and
Jayachandran 2017). Due to this high frequency noise component, using a range of 0.1 to 25
Hz would result in an underestimation of the spectral index p, as the green line in the right
panel shows. To address this issue, an alternative range of 0.1 to 5 Hz is applied to calculate

the p and T values for GSV4004B receiver (Strangeways et al. 2011).
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Figure 3.7 Comparison of phase scintillation PSDs in the 48" minute
calculated using the 50 Hz phase measurements logged by PolaRxS Pro

(left) and GSV4004B (right) ISMRs

57



Figure 3.8 shows the spectral index p and spectral strength T calculated using the 50 Hz phase
measurements logged by the PolaRxS Pro and GSV4004B receivers. For the latter, the indices
are calculated based on a linear fitting of 0.1 to 25 Hz and 0.1 to 5 Hz, respectively. As the top
panel shows, the p index estimated using the data logged by the PolaRxS Pro ISMR is
relatively larger. It increases slightly during the scintillation occurrence. Large differences are
seen between the p values estimated for these two ISMRs, especially from the 60" to 120"
minute. The smallest values occur when fitting the slope of the PSD over a range of 0.1 to 25
Hz. On the other hand, although there are still obvious differences in the estimated T index as
the bottom panel shows, they are generally small. Compared with fitting the slope of PSD over
a range of 0.1 to 25 Hz, the T values estimated based on a fitting range of 0.1 to 5 Hz achieve
more comparable values to those estimated for the PolaRxS Pro receiver. This is reasonable as
the high frequency fluctuations caused by scintillation are buried in the carrier phase
background noise which is at a relatively higher levels at high frequency, as the right panel in

Figure 3.7 shows.
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Figure 3.8 Comparison of phase scintillation spectral indices p (top)
and T (bottom) calculated using 50 Hz phase measurements logged by

PolaRxS Pro and GSV4004B ISMRs

Based on the analysis in this section, it can be seen that the difference in the scintillation indices
S4 and Phi60 measured by PolaRxS Pro and GSV4004B ISMRs is smaller, suggesting they
can be combined in scintillation studies. However, for the phase scintillation spectral indices p
and T, relatively larger differences are observed between these two types of ISMRs. Thus, it
should be specially considered when combining the spectral indices p and T in scintillation
studies. This conclusion is meaningful for the generation of receiver code and phase jitter maps

introduced in Chapter 6.
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3.2.3 Scintillation index comparison with respect to PLL tuning

To analyse the PLL bandwidth and integration time tuning effects on scintillation index
estimation, the amplitude and phase scintillation indices are calculated and compared for each
case listed in Table 3.1 in this section. Figure 3.9 shows the variation of S4 and Phi60 in
relation to time in Cases 1 to 5. It can be seen from the figure that both S4 and Phi60 increase
from the 5™ to 20" minute and the 40" to 60" minute. The S4 indices calculated with different
PLL bandwidth B, and integration time n have small differences, which indicates that both
loop bandwidth and integration time have almost no effect on S4 calculation. This agrees with
the conclusions in Rougerie et al. (2016). On the other hand, there are slight differences in
Phi60 when B,, and n are different, as shown in the bottom panel. In Case 5 when scintillation

effects are not added in the signal simulation, both S4 and Phi60 show extremely low levels.
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Figure 3.9 Variations of S4 (top) and Phi60 (bottom) in relation to
time calculated with receiver PLL bandwidth and integration time

tuning in each case summarised in Table 3.1

The phase scintillation spectral slope p and spectral strength T are then calculated, as shown in
Figure 3.10. As it can be seen from the top panel, increases in p values can be observed with
the increase in scintillation levels between the 40™ and 60" minute. When the PLL integration
time 7 is configured to 10 ms, the p values of tracking loop with B,, of 5 Hz, 10 Hz and 15 Hz
are comparable, which means that the PLL bandwidth has low impacts on the estimation of p
values. By contrast, when integration time is increased from 10 ms in Case 3 to 20 ms in Case
4, obvious higher values are seen, especially when scintillation levels are not strong between

the 70" and 115" minute. The mean of the p values in each case is summarised in Table 3.2.
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Figure 3.10 Variation of the spectral slop p and spectral strength T in
relation to time calculated with receiver PLL bandwidth and integration

time tuning in each case summarised in Table 3.1

On the other hand, similar variations are seen in the phase scintillation spectral strength T
values as a function of time, as shown in the bottom panel of Figure 3.10. However, increasing
the PLL bandwidth can correspondingly increase the level of T values, which is different from
its effect on the estimation of p values shown in the top panel. Furthermore, the increase of
PLL integration time from 10 ms in Case 3 to 20 ms in Case 4 also results in very little effects

on the estimation of T values. The averaged T values in each case are calculated and listed in
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Table 3.2 Averaged phase scintillation spectral slop p and strength T values for Cases 1 to 5

Casel Case?2 Case3d Cased4 Caseb
Averaged p 2.38 2.38 2.33 2.61 1.63

Averaged T
(dBrad?Hz)

-37.18 -3475 -3356 -33.14 -43.74

Based on the analysis in this section, it is seen that the PLL bandwidth and integration time
tuning have almost no effect on the estimation of $4 and Phi60. However, slight effects are
observed in the estimation of phase scintillation spectral slop p and spectral strength T. By
exploiting the estimated scintillation indices in each case, the receiver PLL phase jitter in each
case is also estimated, aiming to analyse the PLL tuning effects on phase jitter estimation under
scintillation. Results and discussion are given in Chapter 4.

3.3 Signal intensity fading under scintillation

In the presence of scintillation, the signal intensity fadings can significantly degrade the
receiver performance by inducing frequent losses of signal lock and cycle slips, as well as
increasing tracking errors. This section characterises the signal intensity fadings by processing
the scintillation data collected at PRU2 station. The data recorded on the GPS L1 C/A signal
from 1 October to 31 December 2014 was selected to carry out the study. It was chosen
according to the solar activity, which peaked in 2014, and data availability. As the low latitude
scintillation mainly occurs in the period from post-sunset to midnight, the data collected during
daytime was not analysed. Thus, a total of 1068 hours of scintillation data was processed. In
the rest of this section, an overview of scintillation occurrence is given and the signal intensity
fadings are defined. Fadings with different depths and durations are counted. The relationship
between fading depth and duration and S4 is then investigated.

3.3.1 Overall scintillation occurrence and fading characterization

Figure 3.11 presents the daily occurrence of various levels of amplitude scintillation observed

at PRU2 station over the 3 months. The scintillation index $4 was computed using the
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detrended signal intensity measurements. It can be seen that strong scintillation with $4 > 0.7
occurs almost every day. However, large day-to-day variabilities are observed. Due to the
unavailability of scintillation data on 25, 26 October and 1, 2, 5 November, the scintillation
occurrences for these days are not shown. Additionally, it should be noted that only scintillation
observed on satellites with elevation higher than 30° are considered in this analysis, in order to

remove as much as possible multipath effects.
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Figure 3.11 Daily occurrence of various levels of amplitude
scintillation observed at PRU2 station from 1 October to 31 December

2014

Figure 3.12 illustrates the occurrence of scintillation in relation to S4. It is obvious that the
occurrence of scintillation decreases with the increase in S4. Although scintillation with $4 >
1.0 has a relatively lower occurrence, these scintillation events may severely degrade the

receiver tracking performance.
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Figure 3.12 Occurrence of scintillation in relation to S4 captured at

PRUZ2 station from 1 October to 31 December 2014

The signal intensity fadings due to scintillation are detected based on the detrended intensity
measurements introduced in Section 3.1.1. The fading duration, tf, defined as the time
difference between the beginning and end of the fading, and the fading depth, d, defined as
the minimum intensity within the fading (Akala et al. 2012; Jiao et al. 2016; Moraes et al.
2012), are shown in Figure 3.13. As it shows, the depth of the first fading is around -40 dB and
the duration is around 1.2 second. Different thresholds are used to detect intensity fadings in
the literature. A threshold of -5 dB is applied in this study, as it can clearly distinguish between
the fadings caused by scintillation and ambient noise, which is explained hereafter. It is worth
mentioning that even after the detrending process introduced in Section 3.1.1, high frequency
noise still remains in the detrended intensity. Therefore, a threshold of 0.1 second was also
applied to detect intensity fadings. In other words, only intensity fadings lasting longer than

0.1 second were considered.
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Figure 3.13 A demonstration of fading depth and duration on
detrended signal intensity with a threshold of -5 dB. The detrended
intensity was obtained based on the real scintillation data collected at

PRU?2 station

3.3.2 Overview of fading depth and duration

Using -5 dB as the threshold, a total number of 144891 fadings were detected based on the
three months of scintillation data. The occurrence of fadings in relation to S4 is shown in the
top panel of Figure 3.14. It can be seen that most fadings occurs when S4 = 0.8, although the
scintillation occurrence at this level is not very high, as shown in Figure 3.12. Meanwhile, the
number of fadings increases significantly from 26 for S4 = 0.2 to 1067 for S4 = 0.3 when
scintillation is considered to occur. Thus, it can be concluded that the threshold of -5 dB can
be effectively used to distinguish between intensity fadings caused by scintillation and signal
fluctuations caused by ambient noise. The number of detected fadings using -10 dB as the
threshold is also shown in the bottom panel. It can be seen that even when S4 = 0.4, the number
of detected fadings is only 144. This may be due to the fact that the threshold of -10 dB

dismisses plenty of intensity fadings caused by weak scintillation. Consequently, a threshold
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of -5dB is applied in this study to give a general understanding of the intensity fadings under

low latitude scintillation.
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Figure 3.14 Fading occurrences in relation to S4 detected using

thresholds of -5dB (top) and -10 dB (bottom). The fadings were

detected based on the scintillation data collected at PRU2 station from

1 October to 31 December 2014

The distribution of the detected fadings in relation to fading depth is demonstrated in the top

panel of Figure 3.15. It can be seen that as the fading becomes deeper, the fading occurrence

decreases rapidly. Most of the fading depths are between -5 dB to -15 dB. Similarly, the bottom

panel presents the distribution of fadings as a function of fading duration. It can be seen that

most of the fadings are within 1 second. The occurrence decreases dramatically with the

increase in fading duration.
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duration (bottom). The fadings were detected based on the scintillation

data collected at PRU2 station from 1 October to 31 December 2014

The relationship between fading depth and duration is illustrated in Figure 3.16. It is seen that
although the average fading depth and duration are -10.39 dB and 0.73 second, respectively,
the fading can be as deep as -58 dB and as long as 31 second. Additionally, an inverse
relationship is observed between the fading depth and duration. In other words, for fadings
with depth lower than -40 dB, the duration is usually less than around 3 second, while for

longer fadings, it tends to be not too deep.

68



rrr|rrrorrrrrjrrrr[prrrr[rrrrrrri]j

NI ATNRRRTENE ARRET!

Fading Depth (dB)

T

PRI B R vl I | E
10 15 20 25 30 35
Fading Duration (s)

Figure 3.16 Relationship between fading depth and duration for all the
fadings detected based on the scintillation data collected at PRU2

station from 1 October to 31 December 2014

3.3.3 Relationship between intensity fading and S4

This section investigates the relationship between the amplitude scintillation S4 and the signal
intensity fading depths and durations. The analysis is carried out from two perspectives, i.e. (i)
analysing the overall distribution of fading depth and duration in relation to S4; (ii) analysing
the average fading depth, duration and occurrence based on every single scintillation event.
Figure 3.17 demonstrates the percentage of fadings under various levels of fading depths and
durations in relation to S4. It is seen from the top panel that the fadings with depth from -5 dB
to -10 dB account for a large part of the total. The percentage of these fadings decreases
gradually with the increase in S4. Conversely, the percentages of deeper fadings increase when
S4 increases. From the bottom panel, fadings with duration shorter than 1 second account for
a large part across all the scintillation levels, whereas fadings with duration longer than 3

second occur only when $4 > 0.5.
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Figure 3.17 Percentages of fadings for various fading depths (top) and
durations (bottom) with respect to S4. The fadings were detected based
on the scintillation data collected at PRU2 station from 1 October to 31

December 2014

Figure 3.17 emphasizes the distribution of fading depth and duration for all the detected fadings
with respect to scintillation levels. However, the intensity fadings do not occur for all
scintillation events. The ratio of the fading occurrence over scintillation occurrence as a
function of S4 is shown in Figure 3.18. It can be seen that the ratio increases from around 8%
when S4 = 0.3 to nearly 80% when S4 = 0.5, following which it mostly remains over 80%
when S4 keeps increasing, indicating a higher probability of the signal intensity fadings when
S4 is over 0.5. However, it can be seen that even when S4 > 1.2, not all the scintillation events

contain fadings with depth lower than -5 dB.
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Figure 3.18 Ratio of the fading occurrence over scintillation events in
relation to S4. The fadings were detected based on the scintillation data

collected at PRU2 station from 1 October to 31 December 2014

The average fading depth, duration and occurrence for every single scintillation event, i.e.,
within 60 second, are calculated for all scintillation levels. Only scintillation events with 0.3 <
S4 < 1.4 are considered due to the lack of samples when S4 is over 1.4. The variation of the
average fading depth in relation to S4 is presented in the top panel of Figure 3.19. A gradual
decrease is observed with the increase in S4 from 0.3 to around 1.2. Then it remains at roughly
the same level, indicating that strong scintillation is likely to correlate with deeper fadings
generally, but the fading depth does not always decrease. Conversely, the average fading
duration in the middle panel increases as the scintillation becomes more intense. Thus, the
fading tends to last longer for strong scintillation on average, while for the variation of the
average fading number in the bottom panel, a slight decrease is observed following the gradual
increase. Therefore, it can be concluded that when S4 is over 1.2, the fading occurrence and

depth tend to change slightly but the duration probably lasts longer.
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Figure 3.19 Variation of average fading depth (top), duration (middle)

and fading occurrence (bottom) in relation to various S4 levels

The trends shown by the magenta lines in Figure 3.19 are then fitted using a third-order
polynomial function, defined as
y=ax(S4)>2+bx*(S4)2+cxS4+d (3.13)
where y can be replaced by fading depth df, fading duration trand Ny, which is the fading
occurrence over the scintillation index estimation interval, i.e., 60 second. Table 3.3 lists the

coefficients of the functions in fitting the trends in Figure 3.19. In this way, the relationship

between the general intensity fading depth, duration, occurrence and S4 is mathematically
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modelled. This contributes to a better understanding of the relationship between intensity
fadings and S4. It is worth mentioning that although cycle slips are related to both signal
intensity fading depths, durations and scintillation indices, it is not clear how their occurrences
are correlated with these coefficients listed in Table 3.3. This can be further investigated in

future studies.

Table 3.3 Coefficients of the functions for the fitted curves

a b c d
ds 1157 -25.05 7.582 -6.528
tr 2.731 -6.969 6.137 -0.8966
Ny -58.15 1344 -70.98 12.34

3.4 Scintillation fading effects on PLL tracking performance

This section investigates the effect of intensity fadings on the PLL tracking loop performance
based on the high frequency amplitude measurements logged by the PolaRxS Pro ISMR
deployed at PRUZ2 station. The PLL tracking error and tracking jitter are calculated using Eqg.
(2.10) and (2.11) to indicate the tracking loop performance. Figure 3.20 illustrates an example
of the PLL tracking error with and without intensity fadings caused by scintillation. In the left
two panels when there is no scintillation, the detrended signal intensity P, is relatively
smooth and stable. The corresponding tracking errors in the bottom left panel are small and
only include the ambient noise effects. On the other hand, in the right panels when strong
scintillation occurs with §4 = 0.95, the intensity fluctuates significantly and very deep fadings
are frequently observed, which results in the sharper fluctuations in the tracking errors shown
in the bottom right panel. In this case, the tracking jitter increases to 0.56 rad. Consequently,
it can be seen that the intensity fadings caused by amplitude scintillation can severely affect

the tracking performance.
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Figure 3.20 Variations of the detrended signal intensity and
corresponding PLL tracking errors without (left panels) and with (right
panels) the effects of scintillation. The signal intensity and tracking
errors are calculated based on the real scintillation data collected at

PRU?2 station

Scatter plots of the post correlation In-phase I, and Quadra-phase Qp measurements
corresponding to the two cases in Figure 3.20 are shown in Figure 3.21. When there is no
scintillation as shown in the left panel, the I, and Qp, measurements tend to concentrate on two
clusters, indicating that the carrier phase is well tracked in the PLL, as almost all the signal
intensity is maximum at I, measurements (Ward 2017). Concurrently, the noise level, which
is indicated by the spread of the clusters, is relatively low. By contrast, the I, measurement in
the right panel presents obvious fluctuations. The noise due to scintillation is evident by the
large spread of the points within the two clusters (Ward 2017; Parkinson et al 1996). This

further shows the adverse effects of fadings on the PLL tracking performance.
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Figure 3.21 Distribution of I, and Q, measurements without (left) and
with (right) the effects of scintillation corresponding to the two cases

shown in Figure 3.20

The tracking error variance for every detected fading is calculated using the 50 Hz I, and Qp
measurements. As these measurements are raw measurements including the ambient noise,
only fadings detected on the satellite-to-receiver links over a satellite elevation of 45° are
considered, aiming to minimize the influence of the ambient noise. Figure 3.22 presents the
variation of the tracking error variance as a function of fading depth and duration. In the top
panel, it is seen that the tracking error variance varies significantly for a fixed fading depth,
while for the average tracking error variance shown as the red diamonds, it increases gradually
and peaks at around -25 dB, followed by a slight fluctuation around 0.17 rad?. Additionally,
most of the PLL tracking error variances are lower than 0.4 rad? even when the fadings are
deeper than -45 dB. Regarding the maximum tracking error variance shown in the larger blue
dots, it increases gradually with the deeper fadings and peaks when the depth is around -20 dB.
Then the maximum tracking error variance tends to decrease. This indicates that the fadings
with depth around -20 dB to -25 dB may be more damaging and more likely to degrade the
PLL tracking performance. On the other hand, the PLL tracking error variance tends to be
larger when the duration is shorter than 3 second shown in the bottom panel. The maximum
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tracking error variance decreases gradually as the fading duration increases, indicating that
shorter fadings tend to significantly increase the PLL tracking errors. It is worth mentioning
that only fadings with duration shorter than 10 seconds are shown in the bottom panel due to

the lack of samples when it is longer than 10 seconds.
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Figure 3.22 PLL tracking error variance in relation to fading depth
(top) and fading duration (bottom). The fadings were detected based on
the scintillation data collected at PRU2 station from 1 October to 31

December 2014

To further investigate how intensity fadings affects the PLL tracking performance, the fading

speed is introduced in this study, which is defined as v¢4qing = % (dB/s). The PLL tracking
f
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error variance is then plotted as a function of v¢44i,4, as shown in Figure 3.23. It can be clearly
seen that the overall tracking error variance increases gradually when the fading speed
increases. This tendency is reasonable as it is the sharp fadings with large fading speeds that

actually degrade the PLL tracking performance under scintillation.
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Figure 3.23 PLL tracking error variance in relation to fading speed

This section presented the effect of scintillation, mainly amplitude scintillation on PLL tracking
performance by characterizing the relationship between the signal intensity fadings and the
tracking error variances. The quantitative modelling of scintillation effects on receiver tracking
loops will be given in detail in Chapter 4.

3.5 Towards a high-rate scintillation index

Based on the analyses in Sections 3.3 and 3.4, it is seen that scintillation can obviously increase
the PLL tracking errors. However, most of the signal fadings last less than 2 seconds even
under strong scintillation. Thus, it might not be accurate enough to characterise the scintillation
levels using 1-minute indices, like S4, Phi60.

To further investigate the signal fluctuation under scintillation, the variation of C /N0 within
60 seconds, i.e. the interval for scintillation index calculation, is analysed using the simulated

scintillation data in each case in Table 3.1, presented in Section 3.2.1. C/NO is a crucial
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indicator of the signal strength and quality. According to Eq. (2.4), (2.12) and (2.13), the
decrease in C/NO0 can correspondingly increase the thermal noise in both the PLL and DLL. In
the presence of scintillation, particularly amplitude scintillation, C/NO can be attenuated to
different extents due to the signal intensity fadings (Seo et al. 2009), thus affecting the tracking
loop performance.

By exploiting the 1-second C/NO values logged by the PolaRxS Pro ISMR, Figure 3.24
presents an example of the € /N0 variation in the 51 minute of the simulated data, when strong
scintillation occurs with S4 = 0.63. As the figure shows, the C /N0 values for the PLL in each
case are quite similar, indicating that the PLL bandwidth and integration time tuning produces
little effects on the C/NO calculation under the scintillation level observed in this minute.
Additionally, the C /N0 values fluctuate dramatically. The highest C/NO is more than 50 dB-
Hz, which is much higher than the average value around 46 dB-Hz. Meanwhile, the C/NO can
be as low as almost 35 dB-Hz, which is far lower than the average value and may cause serious

receiver tracking problems.
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Thus, it can be seen that the signal intensity may change significantly within 1 minute under
scintillation, indicating that using a 1-minute scintillation index to represent the signal strength
and quality under scintillation is not accurate enough. To address this limitation, an approach
to estimate 1-second scintillation index is proposed which uses the 50 Hz amplitude and phase
measurements recorded by ISMRs. The reasons of selecting 1 second as the period for the
proposed scintillation indices are: (1) Based on the analysis in this study, most of the signal
intensity fadings only last less than 2 seconds; (2) Nowadays most of GNSS receivers can log
pseudorange, carrier phase measurements and signal intensity measurements, such as C/NO,
at a rate of 1 second. By matching the sampling rate of scintillation indices with those
measurements, it benefits the implementation of those indices to the scintillation mitigation
approaches on reducing positioning errors, which are introduced in Chapters 5 and 6. The
proposed 1-second index is proved to better describe the signal distortion under scintillation
and successfully applied in the scintillation mitigation. The details of the 1-second scintillation
index estimation are given in Chapter 5.

3.6 Summary

This chapter introduced the scintillation data detrending and scintillation index estimation
using the high frequency amplitude and phase measurements logged by the ISMRs. The effects
of PLL bandwidth and integration time tuning on the scintillation index calculation are
investigated. It is found that changing the PLL bandwidth or the integration time has less effects
on the calculation of S4 and Phi60, while it can affect the estimation of spectral indices p and
T to different extents. The signal intensity fadings due to scintillation and its relationship with
the scintillation index S4 are characterized. The effect of intensity fadings on the PLL tracking
errors is studied. The results showed that the tracking errors clearly increase with the increase
in the fading speed, which is introduced in this study and defined as the ratio between fading

depth and duration. Based on the analysis in this chapter, it was pointed out that the 1-minute
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scintillation indices are not accurate enough to describe the signal variation under scintillation,
as most of the intensity fadings only last lest than 2 seconds. Thus, it is necessary to develop
scintillation indices calculated at a higher rate, which is described in detail in Chapter 5. In the
next chapter, the scintillation effects on receiver PLL and DLL tracking loops are modelled
and evaluated by exploiting the calculated scintillation indices and scintillation sensitive
receiver tracking error models. The distribution of the tracking errors in the PLL and the DLL

under scintillation is also modelled by using a custom-defined PDF proposed in this study.
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4 Modelling scintillation effects on receiver tracking

loops

GNSS receiver tracking loop performance can be significantly decreased in the presence of
signal intensity fading and phase dynamics caused by scintillation. This chapter evaluates the
adverse effects of scintillation on receiver tracking loops by estimating the phase jitter in the
PLL output and the code jitter in the DLL output. The models developed in Conker et al. (2003)
for phase and code jitter estimation, which focused on GPS L1 C/A and L2 P signals under
scintillation, are introduced first. Following a similar process, the models for modern Galileo
E1 and E5a signals are developed in this study. By processing simulated GPS scintillation data
logged by an ISMR with differently configured PLL bandwidths and coherent integration
times, the PLL tuning effects on the estimation of total phase jitter are then fully studied, which
contributes to better understanding the scintillation effects on the PLL. To address the
limitations of the models described in Conker et al. (2003), alternative approaches are proposed
in this study which successfully estimate the phase and code jitter by exploiting the PLL and
DLL discriminator outputs, respectively. Finally, the scintillation effects on the distribution of
the PLL phase tracking error are studied. A custom-defined PDF is proposed in this work
aiming to model the tracking error distribution in the presence of scintillation.

4.1 Scintillation sensitive jitter estimation models

To evaluate the scintillation effects on the receiver tracking loops, different models were
developed in Knight and Finn (1998) and Conker et al. (2003) to estimate the phase and code

jitter in the output of the PLL and DLL, respectively. These models were developed for GPS

81



L1 C/A and L2 P signals and use the scintillation indices as input. Following the derivation
process in Conker et al. (2003), similar models are proposed in this section which are applicable
to Galileo E1 and Eb5a signals. The PLL phase jitter is then calculated based on real Galileo
scintillation data recorded at low latitudes. It should be noted that in Conker et al. (2003), the
“PLL tracking error” and “DLL tracking error” are used to, respectively, represent the errors
at the output of the PLL and DLL. In this thesis, the phase and code errors are distinguished
from the phase and code tracking errors, as discussed in Section 2.2. The terminology of “phase
jitter” and “code jitter” is used respectively to indicate the noise levels at the PLL and DLL
outputs in this chapter as well as throughout this thesis.

4.1.1 Phase and code jitter estimation for GPS signals

According to Knight and Finn (1998) and Conker et al. (2003), the total PLL phase jitter for

the GPS L1 C/A signal under scintillation is given by

Opp = \/0% + 0l + 03 4.1)

where o is the thermal noise induced phase jitter taking the amplitude scintillation into
consideration. a,p, is the phase scintillation induced phase jitter. 8, is the Allan-variation
induced phase jitter which is estimated by Eq. (2.6). It should be noted that the phase errors
due to dynamics are excluded in Eq. (4.1). Under amplitude scintillation, due to the decrease
in C/NO caused by intensity fading, the thermal noise o is enhanced, as given by (Conker et

al. 2003)

= Bp|14————s
or = \/ [ a2 (A)p(A)da ~ j e 2(5“)2)],54 <z (4.2)

c/no(1-(54)%)

where A denotes the signal amplitude, which is assumed to follow a Nakagami-m distribution
p(A) under scintillation (Fremouw et al. 1978; Fremouw et al. 1980). o; is the thermal noise

phase jitter in the absence of scintillation, given by Eq. (2.4). When S$4 equals to 0, the right
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side of Eq. (4.2) becomes Eq. (2.4). B,, and n are the PLL bandwidth and coherent integration
time, respectively. Figure 4.1 shows the variation of the thermal noise phase jitter o as a
function of C/NO under different levels of amplitude scintillation. As it can be seen, or
decreases gradually with the increase in C/NO for all scintillation levels. The o, estimated
when 54 is 0.3 and 0.5 is slightly higher than when there is no scintillation, i.e., S4 = 0, while

the curve with S4 = 0.7 presents relatively larger values, especially when C/NO is lower than

40 dB-Hz. It should be noted that Eq. (4.2) is only valid when S4 is lower than g In the results

shown in Figure 4.1, a PLL with the bandwidth B,, set to 15 Hz and the integration time 7 set

to 10 ms is used for the calculation.
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Figure 4.1 Variation of thermal noise phase jitter g, in relation to

C/NO under different levels of amplitude scintillation

The phase scintillation induced phase jitter oy, is calculated through (Knight & Finn 1998;

Conker et al. 2003)

e = (11 = HOPIS, (0 = o 1 <P < 2 4.3)

-1 _.
kfé7 sm( 2%

83



where S, (f) is the PSD of the detrended phase measurement under phase scintillation, given
by Eq. (3.7). k is the loop order. £, is the loop natural frequency, given by f,, = an. T and

p are phase scintillation indices which are introduced in Section 3.1.2.

By exploiting the relationship between Phi60, T and p described in Eg. (3.9), i.e.,

257-0.1"
r

o, = 2T [ ],T index in Eq. (4.3) is substituted by Phi60 and p. The variation of phase
scintillation induced phase jitter o,,, in relation to p and Phi60 is then calculated and
presented in Figure 4.2. It can be seen that under different levels of phase scintillation, o,
clearly decreases with an increase of p from 1 to around 2.5. When p keeps increasing, a,pq IS
seen to vary slightly, indicating that the phase scintillation induced phase jitter g, is not
sensitive to the variation of p when the latter is higher than 2.5. Additionally, an increase in

Phi60 can affect the ;4 to different extents. For larger p values, e.g., p > 2.5, increasing

Phi60 only has minor effects on o,pq.
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Figure 4.2 Variation of phase scintillation induced phase jitter o, in

relation to phase scintillation indices p and Phi60
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On the other hand, the code jitter for the GPS L1 C/A signal in the output of DLL is calculated

as (Conker et al. 2003)

BLd|1+ L
o; :\/ - [ NpLrc/no(1-2+542) (Chlp),S4 <g (44)

2¢/no(1-542)
where B, is the DLL one-side bandwidth. d is the correlator spacing in C/A chips. np;, is the
DLL integration time. Figure 4.3 shows the variation of DLL code jitter o, as a function of
C/NO and S4. As it can be seen, o, decreases gradually with the increase in C/NO0. Under weak
scintillation with S4 = 0.3 and moderate scintillation with S4 = 0.5, the estimated code jitter
is very close to that when there is no scintillation denoted by the black curve, while under
stronger scintillation with S4 = 0.7, the code jitter is obviously larger especially under low
C/NO values. In the code jitter estimation shown in Figure 4.3, a DLL bandwidth of 0.25 Hz

and correlator spacing of 0.05 chip is used.
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Figure 4.3 Variation of DLL code jitter o, in relation to C/NO and
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Considering the case that the phase measurements on GPS L1 C/A and L2 P signals are
uncorrelated, the PLL phase jitter and DLL code jitter for the L2 P signal are respectively given

by (Conker et al. 2003)

Bn[l 4 3 1 _ ]
_ 1y (c/no) L1p(1-S4(L1)?) T , . 2
Onp = \/ (¢c/no) L2p(1-54(L2)?) + kPt sin(W) (a + /az) + 62,54(L1) < 0.687
(4.5)
BL[1 t 2ny(c/no) L11P(1—S4(L1)2) ) (4 6)
" \/ 2(c/no) L2p (1-54(L2)?) (chip)

where the parameters B, k, f,,, B, are the same as in Eq. (4.2), (4.3) and (4.4) but for the GPS
L2 P signal tracking loops. ny is the integration time for GPS Y code. (¢/ny) ,1p and
(c/ny) 2p are the fractional forms of C /N0 values on L1 P and L2 P signals, respectively. a
is the ratio of the carrier frequencies of L2 and L1. The C/NO on L2 P used in this analysis is
obtained from the ISMR output files, while for L1 P signal, it is approximately calculated by
(C/N0)p1p = (C/NO)1¢/4 — 3dB (Conker et al. 2003).

Except for the S4(L1) which is measured on L1 C/A signal, the S4(L2), p and T in Eq. (4.5)
and (4.6) are all for L2 P signal and estimated through Eq. (3.10), (3.11) and (3.12). It is worth
mentioning that the values of all the PLL and DLL parameters required for the jitter estimation
in this work are known from the ISMR set up during the data collection. For the PolaRxS Pro

receiver, the default values of the related parameters are listed in Table 4.1.

86



Table 4.1 Default configurations of the PLL and DLL for GPS L1 C/A and L2 P signal

tracking in the PolaRxS Pro receiver

PLL DLL
B,=15Hz B, =0.25 Hz
GPS _ _
L1 C/A n=10ms n =100 ms
k=3 d = 0.04 chips

B, =0.25 Hz B; =0.3 Hz

GPSL2P ny=196eus ny=2196 us

k=2

4.1.2 Phase and code jitter estimation for Galileo signals

Following the approach in Conker et al. (2003), the scintillation sensitive phase and code jitter
estimation models for modern Galileo signals are provided for the first time in this study.
According to Sleewaegen et al. (2004), for Galileo E1 and E5a signals, the PLL phase jitter is
not changed with respect to the GPS L1 C/A signal, thus it can be estimated using the same
models expressed in Eq. (4.1) to (4.3). By contrast, as a BOC(1, 1) modulation is used in the
generation of Galileo E1 signal, the DLL code jitter estimation is different. Based on Eq. (2.12)
and following the derivation in Conker at al. (2003), the DLL code jitter for Galileo E1 signal

IS given by

_ BLd*1/3 1 . Q 4.7
Or = \/Zc/no(l—(54)2) 1+ nc/n0(1—2(54)2)] (chip), §4 <= (4.7)

where the B;, and n are the parameters of the DLL tracking loops for the E1 signal. In terms of
the E5a signal, which uses a BPSK modulation, the code jitter can be estimated using the same
equation as for the GPS L1 C/A signal, namely Eq. (4.4).

Figure 4.4 presents an example of the estimated phase jitter for Galileo E1 and E5a signal based
on the scintillation data recorded at PRU2 station in 2019. As the middle panel shows,

amplitude and phase scintillation is observed on both signals from around UTC 00:15 to 00:31
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and from 00:35 to 00:40. The scintillation index on the E5a signal is generally larger than that
on the E1 signal, which agrees with the relationship expressed in Eq. (3.10) and (3.11). It can
be seen in the bottom panel that when there is no scintillation or only weak scintillation, from
around UTC 00:01 to 00:15, the phase jitter on the E5a signal is smaller than that on the E1
signal, which agrees with the conclusion that the E5a signal provides better accuracy compared
with the E1 signal. However, during the scintillation occurrence, the phase jitter on both signals
increases, while on the E5a signal it overtakes that on the E1 signal, indicating that E5a signal
is more susceptible to scintillation due to the lower frequency band, as mentioned in Section

3.1.3.
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Figure 4.4 PLL phase jitter estimated on Galileo E1 and E5a signals

for PRN25 based on scintillation data logged by PolaRxS Pro receiver
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from UTC 00:00 to 00:40 on 8 October 2019 at PRU2 station. Panels
respectively show the satellite elevation (top), amplitude and phase
scintillation index measured on E1 and E5a signals (middle) and the

corresponding PLL phase jitter (bottom)

4.1.3 Limitations of phase and code jitter estimation models

The scintillation sensitive phase and code jitter estimation models expressed by Eq. (4.1) to
(4.6) have been used by researchers to describe the scintillation effects on receiver tracking
loops (Strangeways et al. 2011; Sreeja et al. 2012; Aquino and Sreeja 2013) and to mitigate
scintillation effects on GNSS positioning (Aquino et al. 2009; da Silva et al. 2010; Vani et al.
2019; Vadakke Veettil et al. 2020). However, the performance and accuracy of these models
are questioned. The main limitations for these models include:

(1) The phase and code jitter estimation models given by Eq. (4.1) to (4.6) have a strong
dependence on the PLL and DLL configurations. Receivers with different tracking loop
bandwidth and integration time may lead to different estimation of the phase and code
jitter under similar scintillation conditions.

(2) The phase and code jitter estimated by these models is based on the assumption that the
phase or code errors are in the linearity region of PLL and DLL discriminators, while
this assumption may not be always true in practice. For example, under severe
scintillation conditions, the phase error may overtake the linear range of the PLL
discriminator input-output curve (Humphreys et al. 2010). Thus, the phase error in the
non-linear regimes should be considered in the phase jitter estimation (Forte 2012).

(3) Eqg. (4.1) to (4.6) require scintillation indices as input which are normally only available
from ISMRs. For general navigation receivers, external scintillation information is

required in order to estimate the jitter using these models. Additionally, the thermal
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noise estimation using Eq. (4.2) and (4.5) is only valid when $4 < \/2—5 If S4 overtakes

this threshold, which actually happens frequently under low latitude scintillation, Eq.
(4.2) and (4.5) are not applicable even if the tracking loops are still locked to the signals.
Although an improved model was proposed in Moraes et al. (2014), which can be
applied without any limitation on the S4 values, it requires the estimation of extra
parameters related to the signal amplitude fading channels which involves a complex
curve-fitting process, when renders it impractical.
To address the concerns mentioned above, the receiver tuning effects on the estimation of PLL
phase jitter are fully studied in the next section, aiming to investigate the difference in the phase
jitter calculated on PLLs with various settings under the same scintillation conditions. In
addition, leveraging on the flexibility of the SDR receivers, alternative approaches to estimate
the phase and code jitter under scintillation are proposed in this study. By comparing the phase
and code jitter calculated, respectively, using the proposed approach and the jitter estimation
models of Eq. (4.1) to (4.6), the accuracy of these estimation models is studied. The details of
the approach and the comparison are given in Section 4.3.
4.2 PLL configuration tuning effects on phase jitter estimation
This section investigates the receiver tuning effects on the jitter estimation based on the models
introduced in Section 4.1. According to Eq. (4.4), (4.6) and (4.7), the DLL code jitter mainly
contains the thermal noise component, which is a function of S4, loop bandwidth and correlator
spacing. It is clear from these equations that decreasing either the bandwidth or correlator
spacing can help to reduce the code jitter under scintillation. However, in terms of the PLL
phase jitter, it is not clear from Eq. (4.1) to (4.3) how the PLL bandwidth and integration time
tuning may affect the jitter estimation. For example, according to Eq. (4.2), increasing the PLL
bandwidth will increase the thermal noise phase jitter, while also decreasing the phase

scintillation induced phase jitter based on Eq. (4.3). Thus, it is more difficult to determine how
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the total phase jitter will change with the increase of the bandwidth. In order to investigate the
PLL tuning effects on the phase jitter estimation, Eq. (4.1) to (4.3) are used and results are
compared among the cases listed in Table 3.1.

4.2.1 Thermal noise and phase scintillation induced phase jitter

The thermal noise induced phase jitter o is estimated using Eq. (4.2) for each case listed in
Table 3.1, as shown in Figure 4.5. It can be seen that o in Cases 1 to 3 is generally at different
levels, but following a very similar pattern. Obvious increases in o are observed during the
occurrence of scintillation as shown in Figure 3.9. When the PLL bandwidth B,, is set to 5 Hz
in Case 1, o presents the smallest value all the time. By contrast, the largest values of o are
seen when B, = 15 Hz in Cases 3 and 4. This is due to the fact that the thermal noise
component is proportional to loop bandwidth, as expressed in Eq. (4.2). Furthermore, it is seen
that the estimated o in Cases 3 and 4 are very close, indicating that increasing the integration

time has a minor effect on the thermal noise estimation under scintillation.
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Figure 4.5 Variation of thermal noise induced phase jitter o7 in
relation to time estimated based on the simulated scintillation data
processed by the PLL configurated with different bandwidths and

integration times as listed in Cases 1to 5 in Table 3.1
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The phase scintillation induced phase jitter o, calculated using Eq. (4.3) is shown in Figure
4.6. It is seen that in all Cases that ,,,, generally is at low levels with values less than 0.03
rad, except for the 14" minute when Opnqa SUddenly jumps over 0.06 rad in Cases 1 to 4. In this
minute, the measured phase scintillation indices Phi60 and T reach the largest value
simultaneously, as shown in Figure 3.9 and Figure 3.10. Additionally, when increasing the PLL
bandwidth from 5 Hz in Case 1 to 10 Hz in Case 2 and 15 Hz in Case 3, the value of g,
decreases gradually, indicating that the PLL with narrower bandwidth is more susceptible to
phase scintillation, which is in agreement with the conclusion by Knight and Finn (1998).
Moreover, when the loop integration time is increased from 10 ms in Case 3 to 20 ms in Case

4, only a slight decrease in oy, is seen.

—-4-—Case1 —-<o-—Case2 —=-— Case 3
I —-+-—Case4 —-+~-—Caseb
?l 0.03

©
-_—
T
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Time (min)

Figure 4.6 Variation of phase scintillation induced phase jitter oy, in
relation to time estimated based on the simulated scintillation data
processed by the PLL configurated using different bandwidths and

integration times as listed in Cases 1 to 5 in Table 3.1

Consequently, a PLL with a narrow bandwidth could be less affected by thermal noise under

scintillation. But it has an opposite effect on the phase scintillation induced phase jitter and

92



oscillator noise, as both will increase with the decrease in the loop bandwidth. Therefore, there
is a trade-off when selecting the PLL bandwidth in order to maximize the tracking performance
under scintillation. Due to the time limitation in this thesis, the strategy to select the optimal
PLL bandwidths under scintillation is not studied and is suggested as future work in Section
7.2.

4.2.2 Total phase jitter estimation

The total PLL phase jitter, including the thermal noise o7, the phase scintillation induced phase
jitter o, and the Allan-Deviation induced oscillator jitter 8,, are calculated for each case in
Table 3.1, as Figure 4.7 shows. During the scintillation occurrence, the total phase jitter
estimation for Case 1 with a PLL bandwidth of 5 Hz has relatively larger values, even if it has
the smallest thermal noise as shown in Figure 4.5. This again indicates that a suitable bandwidth
in the PLL should be selected, aiming to decrease the phase jitter and improve the tracking
performance under scintillation. On the other hand, it is seen that although the phase jitter
estimation models given by Eqg. (4.1) to (4.3) have a dependence on the loop bandwidth and
integration time, the total phase jitter estimated in the PLL with different configurations in

Cases 1 to 4 are generally quite close.
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based on the simulated scintillation data processed by the PLL
configured with different bandwidths and integration times as listed in
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4.3 Measuring phase and code jitter using an SDR GNSS receiver

As mentioned in Section 4.1.3, the performance and accuracy of the scintillation sensitive
phase and code jitter estimation models given by Eq. (4.1) to (4.6) have been questioned. To
address this concern, this section proposes approaches which measure the phase and code jitter
by exploiting the PLL and DLL discriminator outputs, i.e., the tracking errors. An SDR GNSS
receiver is used to process the IF scintillation data collected at both low and high latitudes. The
newly proposed approaches are introduced first, followed by the description of the scintillation
data sets used for the analysis. Based on the newly proposed approach, the PLL phase jitter and
DLL code jitter are then calculated and compared with the estimates obtained by using Eqg.
(4.1) to (4.6).

4.3.1 Measuring phase and code jitter by exploiting tracking errors

Alternative approaches are developed in this section to calculate the phase and code jitter in
the output of the PLL and the DLL. According to Razavi et al. (2008), the PLL phase jitter
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cannot be measured directly in practice, while the tracking error is measurable in a wide range
of GNSS receivers. Thus, the purpose of this analysis is to develop an approach to estimate the
phase jitter by exploiting the discriminator output. For a static receiver and considering only
the scintillation and oscillator instability induced phase jitter, the total phase jitter in Eq. (4.1)

can be redefined as

Opp = |0F + 02, (4.8)

where o is the thermal noise component given by Eq. (2.4). o, is the coloured noise

component in phase jitter, which includes amplitude and phase scintillation induced phase jitter

and the Allan-Variance induced phase jitter, i.e.,

Op, = \/oﬁmp + Oppg + 64 (4.9)
where g,y is the amplitude scintillation induced phase jitter. If the o, is known, the total

phase jitter can be calculated with Eq. (4.8) and (2.4).
According to Eq. (2.7) and (2.8), the coloured noise component in the phase jitter can be also

estimated as
Op, = ag(p — 02 (4.10)

where s, and g, is the total noise and white noise component in the PLL discriminator

output, estimated by Eq. (2.11) and (2.8), respectively. Therefore, with Eq. (2.4), (4.8) and

(4.10), the total phase jitter is estimated as

Opp = \/ag(p t o= (Ba-5) (14 550) (4.11)

Compared with the phase jitter estimation models in Eq. (4.1) to (4.3), no scintillation index is

involved in the proposed approach expressed by Eq. (4.11). Additionally, as the tracking error

8, is widely measured in GNSS receivers and at a much higher frequency, Eq. (4.11) can be
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adopted to a wide range of GNSS receivers to estimate the phase jitter in shorter intervals, like
1, 10, or 15 second.

On the other hand, according to the DLL code jitter estimation models in Conker et al. (2003),
given by Eq. (4.4) and (4.6), the thermal noise component dominates the code jitter, which is
enhanced due to the signal intensity fading caused by amplitude scintillation. Assuming that in
the presence of scintillation the code jitter and the code discriminator noise still satisfy the
relationship expressed by Eq. (2.14), the code jitter is then alternatively calculated by using the
DLL discriminator noise, namely,

0 = /2B N0ND scint (4.12)
where oyp scine 1S the standard deviation of the code discriminator noise under scintillation,
given by

OND_scint = Std(d;) (4.13)
where d. is the DLL discriminator output, calculated based on the discriminator type and the
early, prompt and late in-phase and quadra-phase measurements, as shown in Figure 2.3.

In this analysis, raw IF scintillation data collected at low and high latitudes are processed by
the SDR receiver described in Section 2.4.2, which logged the raw PLL and DLL discriminator
outputs. The total phase jitter and code jitter are then estimated respectively using the equations
developed in this section. The results and discussions are given in Sections 4.3.3 and 4.3.4.
4.3.2 Raw IF scintillation data sets

The IF scintillation data on GPS L1 C/A signal analysed in this study were collected at
Brazilian Centre for Radio Astronomy and Astrophysics at Mackenzie, denoted as CRAAM,
and the South African Antarctic research base, denoted as SANAE 1V, following the data
collection setup shown in Figure 2.9. These stations were built under the framework of the
DemoGRAPE project (Alfonsi et al. 2016; Linty et al. 2018). Table 4.2 lists the locations and

data collection dates for both stations. The satellite at each station was selected according to
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the measured scintillation occurrence, which is considered as representative of scintillation
events in the equatorial region and in the auroral to polar region, respectively. These
scintillation data were then processed by the SDR receiver introduced in Section 2.4.2 as a case
study for testing the proposed phase and code jitter estimation approaches in Section 4.3.1 and

analysing the tracking error distributions which is given in Section 4.4.

Table 4.2 Stations and dates for the scintillation data collection

Latitude, 1o and time (UTC)  PRN
longitude

23.55°S, 02:06-02:35

Station Location

CRAAM Séo Paulo, Brazil 46.63°W 13 September 2017 10
SANAE Vesleskarvet, 71.67°S, 19:46-20:07 31
v Queen Maud Land 2.84°W 8 May 2016

The scintillation indices measured for PRN10 at CRAAM station are shown in Figure 4.8. Due
to the convergence period at the beginning of the phase measurement detrending process, the
Phi60 index in the first 3 minutes is not shown. As it can be seen amplitude and phase
scintillation events are frequently observed between the 5 to 10" minute and the 24" to 29"
minute from the start of the data collection. The largest S4 is recorded in the 28™ minute,

reaching a value of 0.81, indicating a strong amplitude scintillation event.
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Figure 4.8 Amplitude and phase scintillation indices measured on the
GPS L1 C/A signal for PRN10 at CRAAM station from UTC 02:06 to

02:35 on 13 September 2017

The scintillation indices measured for PRN31 at SANAE 1V station are shown in Figure 4.9.
Compared with amplitude scintillation, which stays at a lower level with S4 less than 0.1
throughout the period, phase scintillation is generally stronger and more frequently observed.
The strongest phase scintillation is captured in the 10" minute from the start of data collection,

with Phi60 reaching 2.35 rad.
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Figure 4.9 Amplitude and phase scintillation indices measured on the
GPS L1 C/A signal for PRN31 at SANAE IV station from UTC 19:46

to 20:07 on 8 May 2016
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It is worth mentioning that strong amplitude and phase scintillation are both frequently
observed and present a higher correlation at CRAAM station, while the phase scintillation is
dominated at SANAE IV station. This is due to the different mechanisms that govern the
generation of scintillation at low and high latitudes, as described in Chapter 1.

4.3.3 Measuring phase jitter using the PLL discriminator output

Based on the scintillation data observed at CRAAM and SANAE |V stations, the total PLL

phase jitter is estimated using Eq. (4.1) to (4.3), denoted as 0, conker» and the newly proposed
approach expressed by Eq. (4.11), denoted as 0y measurea, respectively. Figure 4.10 shows

the estimated PLL phase jitter under the scintillation observed at CRAAM station. It can be
seen that when scintillation occurs from the 5" to 10" and 25" to 29" minute, both

Onp_Measurea AN Oy conker ClEarly increase in all the panels. Generally, a better match is
observed between oa, measurea @Nd Opp conker iN the bottom panels, where the PLL
bandwidth B,, is set to 15 Hz, while in the top panels where B,, = 5 Hz, the 0y measurea are
obviously larger than o, conker during the scintillation occurrence, indicating that the phase

jitter is underestimated by using Eq. (4.1) to (4.3) in this case. It should be noted that in the 8™,
27" and 28" minute, as the measured S4 values are larger than g (= 0.71), Eq. (4.2) is not

valid to estimate the thermal noise in the phase jitter and may contribute to the gaps in

Oag_conker- 10 address this issue, the S4 is manually set as 0.70 in these minutes, thus

removing the gaps.
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Figure 4.10 PLL phase jitter for PRN10 at CRAAM station estimated
using Eq. (4.1) to (4.3) and the proposed approach expressed by Eq.
(4.11), respectively. The PLL of different bandwidth B, and

integration time 7 is used to process the data in each panel

Figure 4.11 presents the PLL phase jitter estimated based on the scintillation captured at
SANAE IV station. Itis seen that oxy, yeasurea ANd Oag conker Share a very similar trend in all
the panels. However, oxy, conker IS Obviously smaller than o, measureq N the 10" minute in
the top panels. This may be due to the fact that when B,, = 5 Hz, phase fluctuations caused by
refractive and diffractive effects would both contribute to phase jitter (Demyanov et al. 2019b),

while o4 conker ONly considers the diffractive effects, thus it is less than oa¢ measurea Which
is estimated based on the raw discriminator output and considers both effects. However, when
B, is increased to 15 Hz in the bottom panels, the phase fluctuations caused by refractive

effects can be mostly reduced. Thus, a better match between o, peasurea AN Oap conker 1S

achieved.
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Figure 4.11 PLL phase jitter for PRN31 at SANAE IV station
estimated using Eq. (4.1) to (4.3) and the proposed approach expressed
by Eq. (4.11). The PLL of different bandwidths B, and integration

times 7 is used to process the data in each panel

Additionally, as it can be seen in the top panels of Figure 4.11, where the PLL bandwidth B,
is 5 Hz, both 6y measurea AN Opp_conker iNCrease significantly with the increase in Phi60
shown in Figure 4.9. Concurrently, only slight increases are observed in the bottom panels
where B, = 15 Hz. Even under extremely strong phase scintillation in the 10" minute, the
estimated phase jitter remains lower than 0.05 rad. Therefore, increasing the bandwidth can
greatly help to reduce the total PLL phase jitter under phase scintillation in this analysis. This
is different from the results shown in Figure 4.10 where a wider bandwidth produces minor
effects in the total phase jitter. It is worth mentioning that according to Eq. (4.2), a wider
bandwidth also increases the thermal noise in the total phase jitter. Thus, an optimal or variable
bandwidth can be defined to balance the thermal noise and scintillation induced phase jitter in

the PLL design.
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4.3.4 Measuring code jitter using the DLL discriminator output

The DLL code jitter for the scintillation data recorded at CRAAM and SANAE IV stations
described in Section 4.3.2 is estimated using Eq. (4.4), denoted as o; conker, and Eq. (4.12),
denoted as 0; peqsureq, respectively. Figure 4.12 shows the calculated code jitter for PRN10
at CRAAM station. It can be seen that during the scintillation occurrence period, from the 5™
to 10" minute, the code jitter visibly increases, while only very slight increases are observed
from the 24" to 29" minute, although there is still scintillation. On the other hand, the code
Jitter o; conker aNA 07 meqsurea €Stimated by different approaches are generally highly
correlated. However, obvious biases are observed in the bottom panels when the DLL
bandwidth B; is set to 0.5 Hz. Note that in the 8™, 27" and 28" minute when the S4 values are

over g the S4 is manually set to 0.68 in g, conker €Stimation using Eq. (4.4).
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Figure 4.12 DLL code jitter for PRN10 at CRAAM station estimated
using Eq. (4.4) and the proposed approach expressed by Eq. (4.12). The
DLL of different bandwidth B;, and correlator spacing d is used in each

panel
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Figure 4.13 shows the code jitter estimated for PRN31 at SANAE 1V station. As the figure
shows, the values of both o; conker aNd 07 peasureq are at low levels and match very well in
all panels with different DLL configurations. It is worth mentioning that compared with the
code jitter estimated at CRAAM station shown in Figure 4.12, it is much smaller at SANAE
IV station shown in Figure 4.13. This is due to the different C/NO levels measured on the
different signals at these two stations. At CRAAM station, the C/NO for PRN10 is in the range
of 36.78 to 43.31 dB-Hz, while it is from 49.48 to 51.54 dB-Hz for PRN31 at SANAE IV

station.
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Figure 4.13 DLL code jitter for PRN31 at SANAE IV station estimated
using Eq. (4.4) and the proposed approach expressed by Eq. (4.12). A
DLL of different bandwidth B, and correlator spacing d is used in each

panel
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Based on the analyses in this and the previous sections, it is seen that phase and code jitter
estimated by Eq. (4.1) to (4.6) described in Conker et al. (2003) generally achieves a good
match with those estimated using the newly proposed approach given by Eqg. (4.11) and (4.12),
respectively. Although the thermal noise phase jitter estimation by Eq. (4.2) and the code jitter

estimation by Eq. (4.4) are only valid when 5S4 is lower than g which results in gaps in the

estimation results, by manually assigning a fix value of 0.70 to S4 the gaps can be removed
and their replacements agree with the estimation by the newly proposed approach. On the other
hand, the proposed approaches have their own specific advantages. The estimation is based on
the raw output of the tracking loop discriminators, thus it best reflects the practical tracking
performance under scintillation. Additionally, as the proposed approaches can be used without
involving the calculation of scintillation indices, they are applicable to a wide range of generic
navigation receivers.

In the frame of this thesis, the estimation models given by Eq. (4.1) to (4.6) are used to estimate
the PLL phase jitter and DLL code jitter, which are further used to modify the stochastic models
in PPP following the scintillation mitigation approach described in Aquino et al. (2009). The
mitigation approach and results are described in detail in Chapters 5 and 6.

4.4 Modelling scintillation effects on PLL tracking errors

This section focuses on the modelling of scintillation effects on the receiver tracking errors in
the loop discriminator output. Due to the fact that the DLL tracking errors are dominated by
the thermal noise, this section only analyses the PLL tracking error, which is more complicated
and includes more error sources under scintillation. Based on the scintillation data described in
Section 4.3.2, the PLL tracking errors are calculated and the scintillation effects are first
demonstrated. The distributions of the tracking errors under different levels of scintillation are

then modelled using a custom-defined PDF proposed in this study.
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4.4.1 PLL tracking errors at CRAAM station

Based on the high frequency I, and Q, measurements output by the PLL in the SDR receiver,
the tracking error and its standard deviation, i.e., tracking jitter, at the discriminator output are
estimated using Eq. (2.10) and (2.11). To demonstrate the scintillation effects on the tracking
errors, Figure 4.14 first presents an example of the detrended signal intensity P, and the
detrended phase ¢4, in the 27" minute of the scintillation data collected for PRN10 at
CRAAM station. In this minute, S4 = 0.73 and Phi60 = 0.66 rad. As the figure shows, rapid
fluctuations frequently appear in both the intensity and phase measurements. A deep intensity

fading occurs in the 31% second, reaching around -24 dB.
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Figure 4.14 Variations of the detrended signal intensity P,,; (top) and
carrier phase ¢4, (bottom) measurements in the 27" minute of the

scintillation data collected for PRN10 at CRAAM station

The tracking error §,, along with the 1-second tracking jitter g, in the same period of Figure

4.14 are presented in Figure 4.15. As it can be seen that &, and s, increases correspondingly
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following the rapid and strong fluctuations in the detrended intensity and phase shown in Figure
4.14. When the PLL integration time 7 is increased from 1 ms in the left two panels to 10 ms

in the right panels, &, generally decreases and mostly falls into the range of -0.5 to 0.5 rad.
Additionally, comparing the top and bottom panels with different PLL bandwidth B,, both &,
and o5, present very comparable values, indicating that increasing the PLL bandwidth has a

lesser impact on the tracking error. On the other hand, large second-to-second variabilities are

observed in the calculated 1-second o, in all the panels. The largest g5, in each panel can be

around 5 to 6 times that when there is no strong intensity fading.
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Figure 4.15 Variations of the tracking error §,, and tracking jitter Js,

calculated in the 27" minute of the scintillation data recorded for
PRN10 at CRAAM station. The data was processed using different

PLL configurations with respect to bandwidth B,, and integration time

n
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Figure 4.16 further shows the 1-minute tracking jitter calculated for PRN10 at CRAAM station.

It can be seen that for the PLL with all configurations, apparent increases in ds,, are observed
during the scintillation period. When n is increased from 1 ms to 10 and 20 ms, Js, IS

significantly reduced. By contrast, it is quite close for configurations where the PLL has the
same value of n but different B,,, indicating that increasing the bandwidth makes little
difference on the tracking jitter under low latitude scintillation. This is in good agreement with

the results shown in Figure 4.15 and the conclusion in Forte (2012).
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Figure 4.16 Variations of the tracking jitter s, estimated in each
minute for PRN10 at CRAAM station. The data was processed by the

PLL with the bandwidth B, configured to 5 and 15 Hz and the

integration time n configured to 1, 10 and 20 ms, respectively

4.4.2 PLL tracking errors at SANAE IV station

The tracking error and tracking jitter estimated based on the scintillation data collected for
PRN31 at SANAE |V station is presented in this section. First, Figure 4.17 shows an example
of the detrended signal intensity and phase in the 10" minute of the scintillation data. As the

top panel shows, P, remains stable and no fading is present in the whole period, while strong
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fluctuations are seen in ¢ 4,; in the bottom panel. This is reasonable as the phase dynamics is

the dominant effect and more severe under the high latitude scintillation.
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Figure 4.17 Variations of the detrended signal intensity P,,; (top) and
carrier phase ¢4, (bottom) measurements in the 10" minute of the

scintillation data collected for PRN31 at SANAE 1V station

Figure 4.18 shows the tracking error §,, along with the 1-second tracking jitter s, related to

the scintillation shown in Figure 4.17. It can be seen that although the detrended phase ¢, in
Figure 4.17 fluctuates over the whole minute, §, only increases from around the 35" to
38" second, except in the bottom panels, where the phase scintillation induced tracking error
is reduced by a higher PLL bandwidth and probably buried in the background thermal noise.
Additionally, when the integration time 7 is increased from 1 ms in the top left panel to 10 ms

in the top right panel, s, remains almost unchanged from the 35" to 38" second, while in

general it is significantly reduced during the rest of the time in this minute, when the tracking
error is dominated by the white noise. This indicates that increasing the PLL integration time

can greatly reduce the thermal noise in the PLL tracking error, which agrees with the results
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shown in Figure 4.15, however, it has little effects on the phase scintillation induced tracking

errors.
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Figure 4.18 Variation of the tracking error §, and tracking jitter as,
calculated in the 10" minute of the scintillation data recorded for

PRN31 at SANAE 1V station. The data was processed using different

PLL configurations with respect to bandwidth B,, and integration time

n

The variation of the 1-minute tracking jitter calculated for PRN31 at SANAE IV station is
presented in Figure 4.19. It is seen that for the PLL configuration with a bandwidth of 5 Hz,

s, increases visibly during scintillation and reaches the peak in the 10" minute when the
strongest phase scintillation occurs. When the integration time 7 is increased to 10 and 20 ms,
a smaller value of o5, is generally achieved, but not in the 10" minute when the tracking jitter

only slightly changes. By contrast, when selecting the same integration time, the increase in

bandwidth can significantly mitigate the phase scintillation induced tracking jitter, as shown
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from the 3" to 5" minute, the 10" minute and the 17" to 21 minute in the figure. This is
different from the results shown in Figure 4.16. A possible explanation is that compared with
the low latitude scintillation, where both the amplitude and phase scintillation are severe, phase
scintillation is the dominant effect at high latitudes. Signals with only phase dynamics can be

well-tracked by a PLL with a wider bandwidth.
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Figure 4.19 Variation of the tracking jitter s, estimated in each

minute for PRN31 at SANAE 1V station. The data was processed by
the PLL with the bandwidth configured to 5 and 15 Hz and the

integration time configured to 1, 10 and 20 ms, respectively

Based on the analysis in this and the previous sections, the effects of PLL bandwidth and
integration time changes on the tracking jitter under low and high latitude scintillation are
summarised in Table 4.3. It is worth mentioning that compared with Figure 4.16, the tracking
jitter shown in Figure 4.19 is generally lower. This is due to the differences in the C/NO levels

observed at CRAAM and SANAE |V stations mentioned in Section 4.3.4.
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Table 4.3 Effects of PLL bandwidth B,, and integration time 7 tuning on the phase tracking
jitter under the low latitude scintillation observed at CRAAM station and the high latitude
scintillation observed at SANAE 1V station

CRAAM station SANAE |V station
(Low latitude) (High latitude)

Only reduces the phase
scintillation induced noise
component

Total phase tracking jitter is

Increasing B, slightly affected

Total phase tracking jitter Only reduces the white noise

Increasing 7 reduces significantly component

4.4.3 Discriminator output noise distribution under scintillation

The distribution of the PLL tracking error §, under low and high latitude scintillation is
analysed and modelled in this section. When there is only white noise in the tracking jitter, i.e.,
05, = O, the PDF of &, is represented by a zero-mean standard Gaussian distribution, given

by

£(5,) = ——e3lze) (4.14)

2T oy

where g, can be estimated by Eq. (2.8). In the presence of scintillation, g5, increases due to

the intensity fading and phase dynamics, as shown in Figure 4.16 and Figure 4.19. Under strong
amplitude scintillation, the signal can suffer from intensity fading of 20 dB or even deeper,
which drastically increases the tracking errors and degrades the tracking performance. Figure
4.20 shows the probability density distribution curves of §, obtained by processing the
MATLAB simulated raw IF data for GPS L1 C/A signals containing only white noise generated
at C/NO values varying from 35 to 55 dB-Hz. The standard Gaussian distribution curves
calculated by Eq. (4.14) are also shown. It is seen that the measured curves follow closely the
standard Gaussian distribution curves at each C/NO level. When it is decreased from 55 to
35 dB-Hz, the distribution curve becomes shorter and flatter. This indicates that the PLL
discriminator would output much larger tracking errors due to the decreased signal intensity.
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Figure 4.20 Measured and standard Gaussian probability density

distribution curves of the tracking error &,, obtained by processing the
simulated IF data for GPS L1 C/A signals containing only white noise

with C/NO varying from 35 to 55 dB-Hz

In order to model the scintillation effects on the PLL tracking error &, its probability density

distribution is fitted by a custom-defined PDF proposed in this analysis, which is defined as

1(8p—k3)\2
f(8,) = m;%e‘ﬁ( o) (4.15)
where k;, k, and k5 are the parameters related to the height, 1-o width and the symmetry axis
of the curve, respectively. Particularly, when k; = k, and k; = 0, Eq. (4.15) becomes the
zero-mean standard Gaussian distribution, however, with the 1-o width of k,0,, (or k,0,,). TO
fit the measured curves using the PDF defined by Eq. (4.15) and to estimate the k4, k, and k5
parameters, a nonlinear least square model, which minimizes the summed square of residuals,
as well as an iterative approach, are implemented through a MATLAB curve-fitting tool

(Mathwoks 2021). Figure 4.21 shows an example of the fitted probability density distribution

curve of the tracking errors in the 24" minute of the scintillation data for PRN10 at CRAAM
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station. It is seen that compared with the standard Gaussian distribution, the fitted curve better
represents the measured distribution curve. It should be noted that the IF data in this case was

processed using a PLL with B,, = 15 Hz and n = 1 ms.
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Figure 4.21 An example of the probability density distribution curve
of the tracking error §,, in the 24" minute of the scintillation data
collected for PRN10 at CRAAM station. The curve was fitted using the

custom-defined PDF defined by Eq. (4.15)

Figure 4.22 presents the k, and k., parameters obtained when fitting the distribution of tracking
errors in each minute using Eq. (4.15) at CRAAM station. The scintillation data are processed
by PLL configurations with B,, = 5, 15 Hz and n = 1 and 10 ms, respectively. In all fittings,
the values of R? are over 0.99, indicating excellent goodness of fit. It can be seen from the
figure that obvious biases between k, and k, parameters are observed from the 7" to 9" and
the 24" to 29" minute when scintillation occurs, which indicates that the scintillation captured
at this station causes the distribution of tracking errors to deviate from the standard Gaussian
distribution. It is worth mentioning that the fitted k3 in all fittings are near 0 over all the period.

The average and standard deviation of its value for all the panels are less than 0.001 rad, which

113



means that on average the tracking error is approximately 0 and the symmetry axis of the

distribution curve stays at the origin even under strong scintillation at low latitudes.
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Figure 4.22 Variations of the obtained k; and k, parameters when
fitting the tracking errors in each minute using the custom-defined PDF
defined by Eq. (4.15). The tracking errors are obtained by processing
the scintillation data collected on PRN10 at CRAAM station using
different PLL configurations with respect to bandwidth B, and

integration time n

The fitted k, and k, parameters for the measured distribution curves of the tracking errors at
SANAE IV station are shown in Figure 4.23. In all fittings, the R? values, again, are over 0.99
and the average and standard deviation of k3 values are less than 0.001 rad. In the top two
panels where the PLL bandwidth B,, is 5 Hz, obvious biases between the k; and k, parameters

are observed from the 3" to 5" minute and in the 10" minute, indicating the distortion of the

114



tracking error distribution due to moderate and strong phase scintillation at high latitudes. By
contrast, no obvious bias is seen between the k; and k, values in the bottom panels, especially
in the bottom left panel when B,, = 15 Hz and n = 1 ms. Thus, when the PLL bandwidth is set
to 15 Hz, the tracking error still closely follows a standard Gaussian distribution even under
the strong phase scintillation captured at this station. This is different from the low latitude

scintillation effects shown in Figure 4.22.

2.5 2.5
B =5Hz, =1 ms B =5Hz, =10 ms
n n

k
Ky Ky
“a-

15| 151 B ata R [ B

: BT

0 5 10 15 20 25 0O 5 10 15 20 25
25

B =15 Hz, =1 ms B =15 Hz, =10 ms
n n

ks kg
k. k,

1.5¢ 15 =@
By aaad
fﬂ Rf'i"l.f

1 BEREE e E pognoEgn 1
0 5 10 15 20 25 0 5 10 15 20 25
Time from the start (min) Time from the start (min)

Figure 4.23 Variations of the k, and k, parameters obtained when
fitting the tracking errors in each minute using the custom-defined PDF
defined by Eq. (4.15). The tracking errors are obtained by processing
the scintillation data collected on PRN31 at SANAE IV station using
different PLL configurations with respect to bandwidth B, and
integration time n
It is worth mentioning that although the k;, k, and k5 parameters in Eq. (4.15) are only

estimated using a curve-fitting method in this study, future work can be conducted to model
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the relationships between the scintillation indices, like S4 and Phi60, and the k,, k,
parameters. In this way, it will be possible to directly determine the PDF of the tracking error
through Eg. (4.15) and the scintillation index. Furthermore, the biases between k; and k,
parameters in Eq. (4.15) mainly indicate the distortion of the tracking error with respect to the
standard Gaussian distribution. If k; = k, = 1 and k; = 0, Eq. (4.15) becomes Eq. (4.14),
indicating that there is only white noise in the PLL tracking errors. Therefore, when the values
of k, and k, are higher than 1, it also indicates that there is more than white noise in the
tracking errors.

4.5 Summary

This chapter introduced the approaches to model the adverse effects of scintillation on GNSS
receiver tracking loops. The phase and code jitter for GPS L1 C/A signal estimated using the
models developed in Conker et al. (2003) are introduced first. Similar models for the modern
Galileo E1 and E5a signals are developed in this work. To address the concerns inherent to
these models, the PLL bandwidth and integration time tuning effects on the phase jitter
estimation are studied based on the simulated scintillation data processed using different PLL
configurations. Alternative approaches are proposed which estimate the phase and code jitter
by exploiting the raw PLL and DLL discriminator output. By processing the real scintillation
data collected at low and high latitude stations using an SDR receiver, the phase and code jitter
are estimated respectively using the jitter estimation models described in Conker et al. (2003)
and the approaches proposed in this work. The results showed that both approaches achieve a
good match in the phase and code jitter estimation. Furthermore, the probability density
distribution of phase tracking errors in the PLL discriminator output is analysed. It is found
that moderate and strong scintillation can cause the distribution of tracking error to deviate
from the standard Gaussian distribution. A custom-defined PDF is then proposed to fit the

measured tracking error distribution curves. The results show that the proposed PDF can
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achieve an excellent fit to the distribution of tracking errors under scintillation. As further work
to this thesis, a follow-on study could be conducted to model the relationships between the
scintillation indices and the proposed PDF parameters, which would provide the possibility to
directly determine the PDF of the PLL tracking error under scintillation.

In the next chapter, scintillation mitigation on GNSS positioning by exploiting the estimated
phase and code jitter is presented. In order to improve the performance of the mitigation
method, an approach to calculate the 1-second scintillation indices is proposed. The
effectiveness of the proposed 1-second scintillation index with respect to the 1-minute index is
shown. The scintillation mitigation on GNSS positioning by exploiting the 1-second index at

low and high latitudes is provided.
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5 Scintillation mitigation on positioning by

exploiting 1-second scintillation indices

In Chapters 3 and 4, the adverse effects of scintillation on GNSS receiver tracking loops are
analysed and modelled. These effects pose a serious threat to GNSS positioning by
significantly degrading the positioning accuracy. In this chapter, the approach used for
mitigating scintillation effects on GNSS positioning is studied. First the scintillation mitigation
approach, mainly focusing on what is proposed in Aquino et al. (2009), is described in detail.
The limitations of this approach and the potential solutions to overcome them are discussed
next. To address these limitations, a new approach to estimate the 1-second scintillation indices
is proposed in this study, which is proved to better describe the signal distortion under
scintillation. Based on the scintillation data collected at low and high latitude stations,
scintillation effects on GNSS positioning are presented thereafter. The mitigation of the
scintillation effects on positioning by exploiting the proposed 1-second scintillation indices is
presented finally.

5.1 Scintillation mitigation approach for GNSS positioning

The mitigation of scintillation effects on GNSS positioning has been studied by many
researchers. Various scintillation mitigation tools and approaches have been developed
(Aquino et al. 2009; Bougard et al. 2011; Zhang et al. 2014; Juan et al. 2017; Marques et al.
2018; Dabove et al. 2019; Luo et al. 2019), which are described in Section 1.1.2. In the
framework of this thesis, the scintillation mitigation approach developed in Aquino et al. (2009)

is exploited, i.e., to modify the least square stochastic models in the position estimation by
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using the receiver PLL phase jitter and DLL code jitter. In this approach, satellites affected by
scintillation are not excluded, thus ensuring the satellite geometry to provide the best
positioning solution. Additionally, it can be applied with less depends on the scintillation
conditions. Even when most of the visible satellites are affected by scintillation, it can still be
implemented. Details of this approach is described in this section. The limitations and potential
solutions to improve the performance of this mitigation approach are provided.

5.1.1 Improving the stochastic model in GNSS positioning

As described in Section 2.3.2, the stochastic models in PPP calculation can be defined
according to different strategies to allocate weights to GNSS code and carrier phase
measurements. In order to mitigate the scintillation effects on the positioning estimation, an
approach to improve the stochastic models was developed in Aquino et al. (2009). In this
approach, the code and carrier phase measurement noise levels are respectively represented by
the DLL code jitter and PLL phase jitter, which are estimated using the scintillation sensitive
jitter estimation models described in Section 4.1.1. The inverses of the estimated jitter variance
values are then applied to modify the stochastic models in the positioning determination. Thus,
GNSS measurements more affected by scintillation will have a higher phase and code jitter and
therefore a lower weight in the stochastic model, which leads to a decreased contribution to the
positioning estimation. Compared with the commonly used elevation weighting defined by Eq.
(2.22), the phase and code jitter weighting considers the scintillation effects on the GNSS
measurements, which is more realistic in the scintillation environment.

Figure 5.1 shows an example of the measurement noise in the stochastic models for the
ionosphere-free combinations of GPS L1 C/A and L2 P measurements when using elevation
and jitter weighting strategies in position calculation. The scintillation data was collected on
PRN21 at PRU2 station in November 2014. It can be seen from the top panel that the amplitude

and phase scintillation indices measured on GPS L1 C/A signal increase significantly from
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around UTC 00:10 to 01:50 and 02:40 to 03:30. When an elevation weighting strategy is used,
the noise levels in the middle and bottom panels vary slowly as a function of the satellite
elevation angle. Larger values are observed when the satellite elevation is low, considering that
the measurement is more contaminated by the atmospheric diffraction and multipath effects.
By contrast, when using a phase jitter or code jitter weighting strategy, the measurement noise
in the middle and bottom panels is sensitive not only to satellite elevation but also to the
scintillation levels. During scintillation occurrence, it increases to higher levels following the
variation of the scintillation intensities, even when the satellite has a higher elevation. This

clearly demonstrates the advantages of using the jitter weighing strategy in position estimation.

120



12 T T T T T 90 g“
é 1F —-A-—84 g
c —-®-—Phi60 =
= 08+ 60
S o —-=-— Elevation g
= 06 r Q°
I » o
= 04 r g 30 &
£ i 3
3 °" dutand 3
0 0 w
23 0 1 2 3 4 5
g 10 T T T T T
S 8 . Elevation weighting ]
£ Phase jitter weighting
c 6 B
)
IS
S 4 .
7 :
® 25 .
Q) «
2 0 | 1 1 1 Il 1
23 0 1 2 3 4 5
g 10 T T T T T
'g 8 *  Elevation weighting | |
- i Code jitter weighting
S 6 i J
) 4
E A A
S 4 :
> A A
2] Ai - . - B 2,
®© A A A, pe
o) Ny ey Yt
E 1 1 1 1 1

UTC time (hour)

Figure 5.1 Example of the measurement noise in the stochastic models
for the ionosphere-free combinations of GPS L1 C/A and L2 P
measurements on PRN21 observed at PRU2 station from UTC 23:00
12 November to 05:00 13 November 2014. The panels are: the
amplitude and phase scintillation indices measured on L1 C/A signals
and the satellite elevation (top); the measurement noise values for the
ionosphere-free combinations of the carrier phase (middle) and the
code (bottom) measurements for the elevation and jitter weighting
strategies

5.1.2 Limitations and solutions

The scintillation mitigation approach given in Section 5.1.1 has been found successful in many

studies (da Silva et al. 2010; Strangeways et al. 2011; Park et al. 2017; Vani et al. 2019; Luo
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et al. 2020; Vadakke Veettil et al. 2020). However, there are still limitations in applications
which need to be addressed, such as:

(1) The 1-minute phase and code jitter calculated based on the 1-minute scintillation
indices are used to represent the noise levels of GNSS instantaneous measurements in
this approach. However, it is shown in this thesis that the signal fluctuations caused by
scintillation vary significantly within 1 minute and present large second-to-second
variabilities. For example, according to the analysis in Section 3.3.3, the signal intensity
fading with its duration shorter than 1 second accounts for the majority of events across
all the scintillation levels. Additionally, by analysing the variation of the 1-second
C/NO values within 1 minute under strong scintillation shown in Figure 3.24, it was
observed that the signal intensity changes significantly among individual 1-second
epochs. Moreover, based on the analysis in Sections 4.4.1 and 4.4.2, the PLL tracking
errors present large differences within 1 minute. As a result, a 1-minute scintillation
index probably does not perfectly describe the signal distortion under scintillation, thus,
a 1-minute based phase and code jitter may not provide the best representation of the
instantaneous GNSS measurement noise. Calculating the phase and code jitter at a
higher rate, which depends on a higher rate of scintillation indices, is necessary. A 1-
second amplitude scintillation index was proposed in Park et al. (2017) to describe the
signal intensity fluctuations under low latitude scintillation. However, the estimation of
the proposed 1-second index still requires 1-minute raw scintillation data. More
importantly, the 1-second indices describing the phase fluctuations caused by
scintillation are not developed, which is particularly essential for precise positioning
techniques which rely heavily on phase measurements.

(2) Due to the fact that scintillation indices are required prior to estimating the PLL phase

jitter and DLL code jitter and thereafter modifying the stochastic models in positioning,
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this mitigation approach has so far been only used in connection with ISMRs. For
generic navigation receivers which are not capable of estimating the scintillation indices
and consequently the phase and code jitters, the mitigation approach cannot be
implemented directly. Although an alternative approach is proposed in Section 4.3.1,
to estimate the phase and code jitter without involving the scintillation index
calculation, it still requires the high frequency raw discriminator output in receiver
tracking loops, which is usually not available for generic GNSS users.
To address the first limitation, a new approach is proposed in this study which enables to
calculate the 1-second amplitude and phase scintillation indices using the 50 Hz amplitude and
phase measurements logged by ISMRs. With the newly estimated 1-second scintillation
indices, the 1-second phase and code jitter can be correspondingly estimated and further used
in the scintillation mitigation strategy. In the next section, details of the approach for the 1-
second index estimation are introduced. The mitigation of scintillation effects on GNSS
positioning by exploiting the newly proposed index is given thereafter.
To address the second limitation, a possible solution is to provide the phase and code jitter
values to the generic navigation receivers through external scintillation information or tools.
For example, a generic receiver can obtain the scintillation indices for each measurement from
a nearby ISMR, as these two receivers may probably experience very similar ionospheric
environment if the distance between them is close enough. Another possible solution is to
exploit the concept of phase and code jitter maps, which provides phase and code jitter values
for different signals verticalized to the ionospheric layer. In this way, the generic receivers can
extract and calculate the jitter values directly from these maps for each measurement. In this
thesis, the scintillation mitigation strategy by exploiting the phase and code jitter maps is

described in detail in Chapter 6. However, due to the limitation of this study, the scintillation
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mitigation for a generic receiver with the help of a nearby ISMR has not been addressed and is
suggested for future study.

5.2 Towards 1-second scintillation index

This section introduces the newly proposed approach for the estimation of the 1-second
scintillation index. The scintillation data used in this analysis were collected by ISMRs
deployed in the Brazilian region and in the Auroral to Arctic region, which are selected to
represent the scintillation at low and high latitudes, respectively. Based on the raw scintillation
data logged by the ISMRs, the 1-second scintillation index is then calculated, following the
proposed approach, which is described hereafter.

5.2.1 Scintillation data sets

The locations of the ISMR stations used for the scintillation data collection in this analysis are
listed in Table 5.1. The low latitude stations, PRU2 and FRTZ, are part of the Brazilian
CIGALA/CALIBRA network as described in Section 2.4.3. The data analysed at these two
stations were logged from the post-sunset to the early morning hours on each day between 10
November, Day of year (DOY) 314, to 16 November, DOY 320, in 2014, which is in the
maximum of the solar activity. At PRU2 station, the analysed data covered from UTC 21:00 to
05:00 on the following day (Local time 18:00 to 02:00), while at FRTZ station, it covered from

UTC 20:00 to 04:00 (Local time 17:00 to 01:00).

Table 5.1 Stations and dates for the scintillation data collection

Station Latitude and Date and time

abbreviation Loc-ation longitude (UTC) DOY
PRUZ Pruljjfr?tl(ej,elgtrilzil éfiﬁ\?v Nov%e(r)ntt;)e:gom 31410 320
FRTZ Fortaleza, Brazil 33;3..752803/’\/ Nov%z%g)erlgom 314 to0 320
LYB) ol Nowsy  ISGHE  Sepemberzose 24110246
SACC s 1526w Sepemperzot 2411024
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The LYBO station is located in the Arctic region and operational as part of the INGV
ionospheric monitoring network as mentioned in Section 2.4.3, while the SACC station is part
of the CHAIN network in northern Canada. At these two stations, scintillation data was
analysed during the geomagnetic storm that took place from 29 August, DOY 241, to 3
September, DOY 246, in 2019. Figure 5.2 presents the variation of the geomagnetic activity
index Kp on these days. It can be seen that the Kp index increases from around 1 on DOY 241
to a maximum of 6- on DOY 243, followed by a gradual decrease to less than 2 on DOY 246,

indicating that the geomagnetic activity on DOY 243 and 244 was more severe.
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Figure 5.2 Variation of Kp index from DOY 241 to 246 in 2019

Each station listed in Table 5.1 is equipped with a PolaRxS Pro ISMR, which can measure
scintillation indices and log 50 Hz raw signal amplitude and carrier phase measurements, as
described in Section 2.4.1. Figure 5.3 shows the occurrence of the amplitude and phase
scintillation of different levels captured on GPS L1 C/A signal at PRU2 and FRTZ stations
from DOY 314 to 320 in 2014. As it can be seen, the occurrence of scintillation at PRU2 station
in the left panels presents large day-to-day variabilities. Almost no amplitude or phase
scintillation is observed on DOY 314, while on DOY 316 and 317, extremely strong

scintillation with S4 > 1.2 or Phi60 > 1.2 rad is frequently observed. By contrast, the
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scintillation observed at FRTZ station in the right panels is generally much less significant.
Although strong amplitude and phase scintillation is also observed, it only accounts for a small
part of the total scintillation occurrence. It should be noted that the satellites with an elevation
lower than 30° are not considered in this analysis in order to minimize the contamination by
non-scintillation related effects, like multipath.

Station: PRU2 Station: FRTZ
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Figure 5.3 Occurrence of different levels of amplitude and phase
scintillation captured on GPS L1 C/A signal at PRU2 (left) and FRTZ

(right) stations from DOY 314 to 320 in 2014

Figure 5.4 shows the overall occurrence of amplitude and phase scintillation in relation to S4
and Phi60 at PRU2 and FRTZ stations. It can be seen that the scintillation occurrence

decreases gradually with the increase in the scintillation levels at both stations. Compared with
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the scintillation observed at PRU2 station in the left panel, it is much less and weaker at FRTZ

station in the right panel. This is due to the fact that the PRUZ station is located in the crest of

the EIA region, while the FRTZ station is in the edge of this region.
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Figure 5.4 Overall occurrence of the amplitude and phase scintillation
in relation to $4 and Phi60 captured on GPS L1 C/A signal at PRU2

(left) and FRTZ (right) stations observed from DOY 314 to 320 in 2014

The scintillation observed on GPS L1 C/A signal at the high latitude stations from DOY 241
to 246 in 2019 is also counted. Due to the fact that the number of amplitude scintillation
occurrences captured at LYBO and SACC station only reaches 59 and 14, respectively, and the
S4 levels are all less than 0.4, only the phase scintillation occurrence is presented, as shown in
Figure 5.5. It can be seen in the top panels that on DOY 241 when the geomagnetic activity is
quiet, there is almost no scintillation observed at either stations, while on DOY 243 when Kp
index reaches the maximum during this storm, the total occurrence of phase scintillation
reaches the peak simultaneously at these two stations. The bottom panels show the overall
occurrence of the phase scintillation as a function of Phi60. With the increase in Phi60, the
occurrence decreases dramatically at both stations, while apparent increases are observed when

Phi60 overtakes 1.2 rad.
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Figure 5.5 Occurrence of different levels of phase scintillation (top)
and overall phase scintillation occurrence in relation to Phi60 (bottom)
observed on GPS L1 C/A signal from DOY 241to 246 in 2019 at LYBO

and SACC stations

It should be noted that although the scintillation captured at LYBO and SACC stations is much
less than that observed at PRU2 and FRTZ stations, extremely strong phase scintillation with
Phi60 > 1.2 rad is frequently seen on DOY 242, 243 and 244 at LYBO station and on DOY
243 and 246 at SACC station. Based on these scintillation data, the 1-second scintillation index
is estimated using the approach described in the next section.

5.2.2 Estimation of 1-second scintillation index

The proposed approach to estimate 1-second amplitude and phase scintillation indices using

the 50 Hz signal amplitude and phase measurements is introduced in this section. The 1-second
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amplitude scintillation index, denoted as S4~, is calculated following a similar procedure as
for the 1-minute S4 calculation described in Section 3.1.1. However, the standard deviation
and normalization in Eq. (3.3) are performed within an interval of 1 second instead of 1 minute,

and given by

— (Pze ) s_(P e )25
Stiota = [~ e (5.1)

where P,,; is the detrended signal intensity obtained following the processing described in
Section 3.1.1. Figure 5.6 shows an example of the variation in the detrended signal intensity
Pier, C/NO and the estimated 1-second S4~ index under strong scintillation (S4 = 0.84)
captured at PRU2 station. It can be seen in the top panel that P,,, varies significantly within
this minute. Large second-to-second variabilities are observed. The fadings are generally with
a depth higher than -5 dB, while the deepest fading reaches -14 dB in the 21 second. A similar
variation is seen in the 1-second C/NO value, which fluctuates obviously following the
detrended signal intensity. In the bottom panel, the estimated 1-second S4~ also presents large
differences between individual seconds. Obvious increases in S4~ are seen when there are
rapid fluctuations in P4,; shown in the top panel. Additionally, it is seen that the 1-second S4~
values in this minute are all lower than the 1-minute S4 value. This is reasonable as while
calculating the 1-minute S4 index, the variation of the 1-second C/NO values is also

considered.
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Figure 5.6 Variation of the detrended signal intensity P,., and C/NO
(top) and the estimated 1-second amplitude scintillation index S4~
(bottom) on GPS L1 C/A signal of PRN25 at UTC 23:48 on DOY 316

in 2014 at PRU2 station

The 1-second phase scintillation spectral parameters p and T cannot be computed directly
using the 50 Hz phase measurements following the procedures introduced in Section 3.1.2, as
there are not enough samples to estimate the PSD curves within an interval of 1 second. To
address this issue, an alternative approach is proposed which exploits the relationship between
the Phi60 and p indices. Based on the scintillation data introduced in the previous section, the
p index in relation to the Phi60 captured on GPS L1 C/A signal at each station is shown in
Figure 5.7. It can be seen in all the panels that with the increase in Phi60, the p value first

roughly increases and then maintains within a range of around 2 to 3.5.
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Figure 5.7 Variation of the p index in relation to Phi60 captured on
GPS L1 C/A signal observed at PRU2, FRTZ, LYBO and SACC

stations during the data collection periods listed in Table 5.1

A power function given by

Pamin) = @ * Phi60” + ¢ (5.2)
is then used to fit the trend between the p and Phi60 indices, which is shown by the red lines
in Figure 5.7. With a MATLAB curve fitting tool, which uses a nonlinear least-squares
formulation and an iterative approach to fit power function models, the coefficients a, b and ¢
at each station are then calculated, as listed in Table 5.2. In this study, it is assumed that the
trend represented by Eq. (5.2) is still true between the corresponding 1-second scintillation

indices. Thus, Eq. (5.2) is modified as

Pas) = a* (%)b +c (5.3)
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In Eq. (5.3), the 1-second g,, index can be measured using the 50 Hz phase measurements,

given by

Op = \/«ptziet)ls - (‘pdet)%s (5.4)
where @4, 1S the detrended phase measurements. With Eq. (5.3), (5.4) and the relationship
between o,,, p and T expressed by Eq. (3.9), the 1-second p and T index can be finally

estimated.

Table 5.2 Coefficients of the power function given by Eqg. (5.2) calculated at PRU2, FRTZ,
LYBO and SACC station

Coefficient a b c
PRU2 1.244 0.3251 1.47
FRTZ 3.81 0.07564 -1.206
LYBO -0.2886  -0.4014 2.806
SACC -1.099 -0.1378 3.703

It is worth mentioning that although the 1-second p index is only roughly estimated using Eqg.
(5.3), it is sufficiently accurate to be used in the calculation of the 1-second T index and the
PLL phase jitter hereafter, because (1) the phase scintillation induced phase jitter estimated
using Eq. (4.3) remains at a relatively stable value when the p index varies from 2 to 3, as
shown in Figure 4.2; (2) according to the discussion of Figure 3.4, T index is not sensitive to
the variation of the p value. As a result, a rough estimation of p is sufficient for the analysis in
this study. Furthermore, it should be noted that the coefficients given in Table 5.2 are only
applicable to the scintillation data sets analysed in this study. However, Eq. (5.3) can still be
generally applied to other scintillation data sets at other stations, but the corresponding
coefficients need to be re-estimated based on their observed scintillation indices.

Figure 5.8 shows an example of the 1-second phase scintillation indices estimated using the

proposed approach, along with the variation of the detrended phase measurement ¢;.¢
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recorded at LYBO station. In this minute, the 1-minute Phi60 reaches a very high value of 1.49
rad, however, the ¢ 4,.; in the top panel remains relatively steady in the first 20 seconds, after

which strong fluctuations are observed, leading to the increases in the estimated 1-second o,

and T values shown in the bottom panel.

T (dBrad®/Hz)

Figure 5.8 Variation of the detrended phase measurements @ge: (top)
and the newly proposed 1-second scintillation indices (bottom)

measured on GPS L1 C/A signal of PRN 16 at UTC 18:45 on DOY

243 at LYBO station

Based on the analysis of Figure 5.6 and Figure 5.8, it is seen that the detrended signal intensity
and the carrier phase measurements present large second-to-second variabilities. Increases in
the estimated 1-second amplitude and phase scintillation index are observed following the
signal intensity and phase fluctuations in each second. Thus, compared with 1-minute

scintillation indices, the 1-second indices can better describe the signal fluctuations under

scintillation in this analysis.
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5.3 Relationship and comparison of 1-second and 1-minute scintillation indices

In this section, the relationship between the newly proposed 1-second index and the ISMR
output 1-minute scintillation index is shown. The difference of using the 1-second and the 1-
minute scintillation indices to describe the signal fluctuations under scintillation is also
presented.

5.3.1 Relationship between 1-second and 1-minute scintillation indices

Following the approach described in Section 5.2.2, the 1-second amplitude and phase
scintillation indices are estimated for all visible satellites observed at the four stations listed in
Table 5.1. The percentage of the proposed 1-second scintillation indices of different levels as
a function of the 1-minute S4 and Phi60 values at PRU2 and FRTZ stations is calculated, as
shown in Figure 5.9. It is seen from the figure that the percentages of the 1-second indices with

§4~ < 0.3 and g, < 0.3 rad decrease gradually with the increase in the 1-minute index S4 and

Phi60 at both stations, however, they still account for a significant percentage even when S4
or Phi60 is higher than 1.0. Compared with the 1-second scintillation index estimated at FRTZ
station, there are more large values observed at PRU2 station, especially the 1-second phase

scintillation index o,,. This agrees with the result shown in Figure 5.3 that the scintillation

observed at PRU2 station is more severe and more frequent.

134



Station: PRU2

100 >1.2 100 >1,
1.2 1.2
1.1 1.1
:\o\ 1.0 o’\o\ 80 r 1.0
. I o8
(] . L .
S 074 & 60 0.7
= 060 € 0.6
9 0.5 © 40 0.5
o 03 & 03
o . o L .
0.2 20 0.2
0.1 0.1

0 0 0

03 05 07 09 11 >1.2 03 05 07 09 11 >1.2
S4 Phi60 (rad)
ion: tation: FRTZ

100 Staton- FRTZ _____ _ _ __ 1.9 100 Station o1
1.2 1.2
1.1 1.1
< 80 1.0 1.0
< 0.9 0.9
2 60 0.8 0.8
@ 0.7 0.7
= 06 O 0.6
g 40 0.5 0.5
: 3 o4

o . .
20 0.2 0.2
0.1 0.1

0 0 0

03 05 07 09 11 >12 03 05 07 09 11 >1.2
S4 Phi60 (rad)

Figure 5.9 Percentages of the estimated 1-second amplitude and phase
scintillation index of different levels as a function of 1-minute index
5S4 and Phi60 values measured on GPS L1 C/A signal observed at

PRU2 (top) and FRTZ (bottom) stations from DOY 314 to 320 in 2014

Figure 5.10 similarly presents the percentage of the 1-second scintillation index in relation to
the 1-minute one measured at LYBO and SACC stations. As the amplitude scintillation
occurrence observed at these two stations are very few, only the phase scintillation index is
shown. It can be seen from the figure that the 1-second g, lower than 0.3 rad accounts for large
percentages in all Phi60 levels at both stations. Even when Phi60 is higher than 1.2 rad,
around 60% of the 1-second o, is still less than 0.4 rad. This indicates that most of the phase
fluctuations are not severe within an interval of 1 second in the presence of the high latitude

scintillation analysed in this work.
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Figure 5.10 Percentages of the proposed 1-second phase scintillation
index o, of different levels as a function of the 1-minute index Phi60
measured on GPS L1 C/A signal observed at LYBO (left) and SACC

(right) stations from DOY 241 to 246 in 2019

5.3.2 Comparison of 1-second and 1-minute scintillation indices

In order to demonstrate the difference between the proposed 1-second scintillation indices and
the 1-minute ones in describing the signal fluctuations caused by scintillation, the 1-second
amplitude and phase scintillation indices are decimated to a sampling rate of 60 second and
aligned with the time stamp of the 1-minute indices. The differences between the decimated 1-
second S47, g, p and T and the 1-minute S4, Phi60, p and T, denoted as AS4~, Ao, Ap
and AT, are calculated. The mean and the standard deviation of these differences on each day
at each station are then estimated.

Figure 5.11 shows the mean and the standard deviation of the scintillation index differences
calculated at PRU2 and FRTZ stations. As the left panels show, the standard deviations of
AS4~, Ao, and AT are obviously larger on DOY 315, 316, 317, 319 and 320 at PRU2 station,
when strong amplitude and phase scintillation is frequently observed. This indicates larger
differences between the newly proposed 1-second indices and the 1-minute scintillation

indices. On the other hand, obvious increases in the standard deviations of 4S54, Ao, and AT
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at FRTZ station in the right panels are also observed on those days when scintillation occurs,
however, they remain relatively stable compared with those calculated at PRU2 station. This
is reasonable as the scintillation observed at FRTZ station is mostly at weak and moderate
levels, the signal amplitude and phase fluctuations are relatively stable. Thus the 1-minute
scintillation indices are closer to the 1-second ones. Furthermore, it is seen that the standard
deviations of Ap at both stations are in the range of 0.15 to 0.22 over all the days. This is due
to the rough estimation of the 1-second p using Eq. (5.3). Nevertheless, it has a very limited

effect on the estimation of phase scintillation induced phase jitter, as explained in Section 5.2.2.
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Figure 5.11 Mean and standard deviation of the differences between

the proposed 1-second amplitude and phase scintillation indices and the

ISMR output 1-minute ones from DOY 314 to 320 at PRU2 (left) and

FRTZ (right) stations

Figure 5.12 shows the 1-second and 1-minute scintillation index differences measured at LYBO
and SACC stations. The amplitude scintillation index is again not shown. It can be seen that

the standard deviations of Ao, and AT increase obviously on DOY 242, 243 and 244 at LYBO
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station and on DOY 243, 244 and 246 at SACC station, while they tend to be smaller on DOY
241 and 246 at LYBO station and DOY 241, 242 and 245 at SACC station when weak or no
scintillation occurs. This is also due to the fact that when there is only weak or no phase
scintillation, the phase fluctuations are generally stable, thus the 1-minute scintillation indices
are comparable to the 1-second ones. However, under strong phase scintillation, large second-
to-second variabilities in phase may appear, which results in the obvious differences between
the 1-minute and 1-second indices. This also highlights the effectiveness of the proposed 1-
second scintillation index in describing the signal fluctuations under scintillation. Moreover, it
is seen that the standard deviations of 4p are more comparable over all the days at both stations.
This is similar to the result shown in Figure 5.11 and is also due to the rough estimation of the

1-second p index.
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Figure 5.12 Means and standard deviation of the differences between
the proposed 1-second phase scintillation indices o, p and T and the

ISMR output 1-minute ones on DOY 241 to 246 at LYBO (left) and

SACC (right) stations

5.4 Scintillation effects on GNSS positioning

The effects of scintillation observed at low and high latitudes on the GNSS positioning
accuracy are presented in this section. As the PPP processing can minimize the non-scintillation
effects in the position estimation, it is applied in this analysis aiming to demonstrate the
positioning errors caused by scintillation. The strategies of the PPP calculation are introduced
next. Following the strategies, the positioning errors under the scintillation described in Section

5.2.1 are calculated and presented.
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5.4.1 PPP models

The PPP in this study is performed using the University of Nottingham in-house POINT
software as described in Section 2.3.3. In the PPP calculation, the code and carrier phase
measurements on GPS L1 C/A and L2 P signals are used to form the ionosphere-free linear
combinations. The IGS precise orbits and clock products estimated by the Centre for Orbit
Determination in Europe (CODE) are used to constrain the PPP model. CODE Differential
Code Biases (DCB) and satellite and receiver antenna corrections from IGS are implemented.
The MWWL combinations, formed based on the code and carrier phase measurements on L1
C/A and L2 P signals, and the ionospheric TECRs are respectively calculated to detect cycle

slips. The strategies of the PPP calculation are summarized in Table 5.3.

Table 5.3 Strategies for the PPP calculation

Items Strategies

lonosphere-free linear combination of the code and
carrier phase measurements on GPS L1 C/A and L2 P
signals

0.3 m for the code measurement and 0.01 cycle for the
carrier phase measurement

(1) Satellite elevation weighting (Mohammed 2017):

1.001 .
Tosossorioi where g, is the default

measurement noise, E is the satellite elevation; (2)
Receiver phase and code jitter weighting

Observations

Default measurement
noise

. . . 0, *
Weighting strategies ~ °*°

Observation sampling

interval

60 second

Elevation mask angle

70

lonospheric delay

lonosphere-free linear combinations

Satellite orbit and
clock

IGS CODE products

Tropospheric delay

Troposphere estimated as a random walk process (0.05

m/v hour)

Receiver coordinate

Static and kinematic models

Model errors

DIA algorithm using Kalman filter post-fit residuals
(Teunissen 1998)

Others

Absolute phase centre variation (PCV) correction, ocean
tide loading (OTL) correction, DCB correction
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It is worth mentioning that in this analysis, the precise coordinates of the receivers are estimated
using the static PPP model based on the code and carrier phase measurements collected on the
first day at each station, when no obvious scintillation is observed. These coordinates are set
as the precise reference coordinates. The positioning errors in the north, east and up directions
are then obtained by comparing the coordinates estimated through the kinematic PPP process
using a satellite elevation weighting strategy against those precise coordinates. To analyse the
positioning accuracy improvements with scintillation mitigation approaches, the root mean
squares (RMSs) of the positioning errors are calculated in this thesis. This method is widely
used in scintillation mitigation studies. On the other hand, the positioning precisions are
estimated by calculating the standard deviations of the positioning results. The improvements
in positioning precisions are also presented when the scintillation mitigation approaches are
applied.

5.4.2 Positioning errors under scintillation

Following the strategies summarised in Table 5.3, PPP is performed at the four stations listed
in Table 5.1. Figure 5.13 shows an example of the positioning errors under the scintillation
effects observed at PRU2 station on DOY 316 in 2014. It can be seen from the figure that when
there is no obvious scintillation, the positioning errors in the east (4E), north (AN) and up (4U)
directions are generally less than 0.2 m after the convergence process. By contrast, when strong
scintillation occurs from around UTC 23:40 to 02:00, the positioning errors increase
significantly and can be greater than 1.0 m. It can be seen that the positioning errors in the up
direction show more prominent fluctuations, indicating that the positioning accuracy in this

direction is more susceptible to the effects of scintillation.
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Figure 5.13 Example of the low latitude scintillation effects on the
GNSS positioning errors observed at PRU2 station from UTC 21:00 12
November to 05:00 13 November in 2014. The panels are: the
amplitude and phase scintillation captured on GPS L1 C/A signal on
all the visible satellites (top and middle); positioning errors in the east,
north and up directions obtained by comparing the kinematic PPP

results against the reference coordinates (bottom)

Figure 5.14 presents the positioning errors as well as the scintillation occurrence observed on
DOY 243 in 2019 at SACC station. From UTC 06:00 to 09:00 and 12:00 to 13:00, when strong

scintillation occurs, the positioning errors in the east, north and up directions each increase to
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different extents, with the error in the up direction relatively larger, in agreement with the result

shown in Figure 5.13.
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Figure 5.14 Example of the high latitude scintillation effects on the
GNSS positioning errors observed at SACC station from UTC 00:00 to
23:59 on 31 August 2019. The panels are: the phase scintillation
captured on GPS L1 C/A signals on all the visible satellites (top);
positioning errors in the east, north and up directions obtained by
comparing the kinematic PPP results against the reference coordinates

(bottom)

To further demonstrate the scintillation effects on the positioning accuracy at each station, the
RMS of the 3D positioning errors obtained by the kinematic PPP on each day is computed.

Due to the PPP convergence process, the first 1 hour of the positioning error time series is not
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considered. Figure 5.15 shows the daily 3D positioning errors at PRU2 and FRTZ stations. As

the left panel shows, large positioning errors are observed on DOY 315 to 317, 319 and 320 at

PRU2 station, when strong amplitude and phase scintillation are frequently observed as shown

in the left panels of Figure 5.3. The positioning error at this station peaks on DOY 316, reaching

1.31 m. By contrast, it is relatively smaller at FRTZ station in the right panel (note that the y

axis has a different scale). When there is no scintillation on DOY 314, the positioning achieves

an accuracy of 0.07 m, worsening to 0.21 m on DOY 317 and 0.24 m on DOY 320, respectively.

The difference in the positioning accuracy between PRU2 and FRTZ stations is mainly due to

the scintillation occurrence and its different levels. The scintillation observed at PRU2 station

is much stronger and more frequent, as shown in Figure 5.3.
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Figure 5.15 RMS of the 3D positioning errors from DOY 314 to 320

in 2014 at PRU2 and FRTZ stations. The positioning errors are

obtained by performing kinematic PPP with an elevation weighting

strategy

Figure 5.16 shows the positioning errors from DOY 241 to 246 in 2019 at LYBO and SACC

stations. It can be seen that the daily RMSs of 3D PPP errors are less than 0.05 m when there

145



is only weak or no scintillation on DOY 241 and 246 at LYBO station and on DOY 241 and
245 at SACC station. However, when strong phase scintillation occurs on DOY 244 at LYBO
station and on DOY 246 at SACC station, the positioning errors increase to 0.21 m and to 0.87
m, respectively, which are more than 5 times higher than those on the weak or no scintillation
days. It is interesting to note that the PPP errors peak on different days between these two
stations. The maximum positioning error occurs on DOY 244 at LYBO station, while on DOY
246 at SACC station, although the geomagnetic activity is quiet on this day according to the
Kp index shown in Figure 5.2. This may be due to the varying responses of the ionosphere at
different high latitude regions to the geomagnetic storm, which is worth analysing further in
future studies.
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Figure 5.16 RMS of the 3D positioning errors from DOY 241 to 246
in 2019 at LYBO and SACC stations. The positioning errors are
obtained by performing kinematic PPP with an elevation weighting

strategy
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5.5 Scintillation mitigation on positioning errors using 1-second scintillation indices

The mitigation of scintillation effects on GNSS positioning errors is presented in this section.
By introducing the newly proposed 1-second scintillation indices into the receiver phase and
code jitter estimation models described in Section 4.1.1, the 1-second jitter is estimated and
subsequently used to modify the least square stochastic models in positioning following the
approach introduced in Section 5.1.1. The improvements in the positioning accuracy achieved
at the low and high latitude stations are presented next.

5.5.1 Scintillation mitigation at PRU2 and FRTZ stations

The kinematic PPP is recalculated at PRU2 and FRTZ stations using the configurations
summarized in Table 5.3, however, with a phase and code jitter weighting strategy instead of
the elevation based weighting. In order to compare the performance of the 1-minute
scintillation index and the newly proposed 1-second ones in scintillation mitigation, the phase
and code jitter are estimated using both of these two types of indices, respectively. Firstly, the
1-minute phase and code jitter is calculated directly using the 1-minute scintillation indices and
the 1-minute averaged C/NO values output by the ISMRs. Secondly, the 1-second jitter is
estimated using the proposed 1-second scintillation indices but down-sampled to a rate of 60
second to align with the time stamp of code and carrier phase measurements. Those two types
of jitter values are then used respectively to modify the stochastic models in the kinematic PPP
calculation at each station.

Figure 5.17 shows the positioning errors in the up direction when performing kinematic PPP
using elevation, 1-minute and 1-second jitter weighting strategies, respectively, from DOY 314
to 320 in 2014 at PRU2 and FRTZ stations. As the figure shows, the 1-minute and 1-second
jitter weighting can generally achieve better positioning accuracies in the up direction
compared with those when an elevation weighting strategy is used. The spikes in the

positioning errors are reduced to different extents with the jitter weighting strategy, especially
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on DOY 315 and 316 at PRU2 station and on DOY 315 to 317 at FRTZ station, when more
amplitude scintillation is observed. However, large positioning errors still remain on DOY 316
and 317 at PRU2 station in the top panels even when the jitter weighting strategy is used. This
may be due to the fact that the scintillation occurrence on this day is too strong, thus the GNSS
observations used for positioning are seriously disrupted, making it more difficult to achieve a

good positioning accuracy.
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Figure 5.17 Variation of the positioning errors in the up direction from
DOY 314 to 317 in 2014 at PRU2 (top) and FRTZ (bottom) stations.
The positioning errors are obtained by performing the kinematic PPP
respectively using elevation, 1-minute and 1-second phase and code
jitter weighting strategies

148



Figure 5.18 presents the horizontal positioning error AH obtained at PRU2 and FRTZ stations,

which is calculated by

AH = \/(4E)? + (AU)? (5.5)
As the figure shows, when the jitter weighting strategy is used, the horizontal positioning errors
are mostly mitigated with respect to using an elevation weighting, while the 1-second jitter
weighting generally entails greater improvement in the positioning accuracy, e.g., on DOY 315
and 316 at both stations. Moreover, it is also seen that the positioning errors on DOY 316 and
317 at PRUZ2 station are still large even when the 1-second jitter weighing strategy is applied,

which is similar to the result shown in Figure 5.17.
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Figure 5.18 Variation of the positioning errors in the horizontal
direction from DOY 314 to 317 in 2014 at PRU2 (top) and FRTZ
(bottom) stations. The positioning errors are obtained by performing
kinematic PPP respectively using elevation, 1-minute and 1-second

phase and code jitter weighting strategies

The RMSs of the 3D positioning errors obtained with the three different weighting strategies
at PRU2 and FRTZ stations are calculated, as shown in Figure 5.19. It can be seen that when
the 1-minute jitter weighting strategy is used, the positioning errors are reduced by different
extents at both stations. Relatively larger decreases are seen on DOY 319 at PRU2 station and
on DOY 317 and 320 at FRTZ stations, while on DOY 315 and 320 at PRUZ station and on
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DOY 315 and 318 at FRTZ station, only slight improvements are achieved in the positioning
accuracy. However, when the 1-second jitter weighting strategy is used, a better positioning
accuracy is generally achieved. On those days when the 1-minute jitter weighting achieves a
lower improvement, the 1-second one can reduce the positioning errors even further. This
indicates a better performance when exploiting the 1-second phase and code jitter in the
scintillation mitigation.
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Figure 5.19 RMSs of the 3D positioning errors obtained by performing
kinematic PPP respectively using elevation, 1-minute and 1-second
phase and code jitter weighting strategies from DOY 314 to 320 in

2014 at PRU2 (left) and FRTZ (right) stations

Table 5.4 summarizes the percentage improvements in the 3D positioning errors when using
phase and code jitter weighting strategies compared with using an elevation weighting
corresponding to the results shown in Figure 5.19. As it can be seen from the table, the 1-
minute and 1-second jitter weighting strategies both help to mitigate the positioning errors

generally, however, the greatest improvements are mostly observed when the latter is used. An
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improvement of 57% and 63% are respectively achieved with the 1-second jitter weighting on

DOY 320 at PRU2 station and on DOY 317 at FRTZ station.

Table 5.4 Percentage improvements in the 3D positioning errors when using receiver phase
and code jitter weighting strategies in positioning with respect to using an elevation
weighting strategy from DOY 314 to 320 in 2014 at PRU2 and FRTZ stations

Station Weighting RMS of 3D positioning error improvement
strategy 314 315 316 317 318 319 320
PRU? 1-minute jitter 30% 1% 10% 9% 7% 32% 6%
1-second jitter  27% 52% 42% 18% 12% 44% 57%
1-minute jitter -4% 1% 27% 57% 3% 3%  53%
FRTZ

1-second jitter  23% 37% 48% 63% 28% 46% 61%

It should be noted that on DOY 317 at PRU?2 station, the positioning errors are not greatly
reduced by using either the 1-minute or the 1-second weighting strategy. This may be caused
by the extremely strong scintillation observed on this day, which may contribute to frequent
losses of GNSS measurements, thus the degraded positioning accuracy even when the
mitigation approach is applied. Therefore, it is necessary to develop an alternative tool for
scintillation mitigation, which could be the focus of the follow-on work.

5.5.2 Scintillation mitigation at LYBO0 and SACC stations

The scintillation mitigation by exploiting the proposed 1-second scintillation indices at LYBO
and SACC stations is presented in this section. Figure 5.20 shows the positioning errors in the
up direction obtained when performing kinematic PPP using elevation, 1-minute and 1-second
phase and code jitter weighting strategies from DOY 243 to 246. It is clear that compared with
the elevation weighting strategy, the 1-minute and 1-second jitter weighting can generally
achieve better positioning accuracies in the up direction, especially on DOY 243 and 244 at
LYBO station and on DOY 243, 244 and 246 at SACC station when phase scintillation is

frequently observed, as shown in Figure 5.5.
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Figure 5.20 Variation of the positioning errors in the up direction from

DOY 243 to 246 in 2019 at LYBO (top) and SACC (bottom) stations.

The positioning errors are obtained by performing kinematic PPP

respectively using elevation, 1-minute and 1-second phase and code

jitter weighting strategies

reduced by applying the jitter weighting strategy.
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The horizontal positioning errors obtained through kinematic PPP with elevation, 1-minute and
1-second jitter weighting are shown in Figure 5.21. When an elevation weighting is used, large
increases and spikes are observed in the horizontal positioning errors on DOY 243 and 244 at

LYBO station and on DOY 243, 244 and 246 at SACC station, while these spikes are mostly
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Figure 5.21 Variation of the positioning errors in the horizontal
direction from DOY 243 to 246 in 2019 at LYBO (top) and SACC
(bottom) stations. The positioning errors are obtained by performing
kinematic PPP respectively using elevation, 1-minute and 1-second

phase and code jitter weighting strategies

The RMSs of the 3D positioning errors with the three different weighting strategies at LYBO
and SACC stations are presented in Figure 5.22. As the figure shows, the PPP errors are greatly
reduced when the jitter weighting strategies are applied. On DOY 244 at LYBO station, the
positioning error is reduced respectively to 0.08 m and 0.04 m by the 1-minute and the 1-second
jitter weighting strategy, manifesting great improvements with respect to the elevation
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weighting strategy. Additionally, although the 3D positioning error on DOY 246 at SACC

station is only reduced to 0.40 m by the 1-minute jitter weighting, the 1-second one reduces the

error to 0.21 m with an improvement of 83% in the positioning accuracy.
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Figure 5.22 RMSs of the 3D positioning errors obtained by performing
kinematic PPP respectively using elevation, 1-minute and 1-second
phase and code jitter weighting strategies from DOY 241 to 246 in

2019 at LYBO (left) and SACC (right) stations.

Table 5.5 summarizes the percentage improvements in the 3D positioning errors using the
phase and code jitter weighting compared with the elevation weighting corresponding to the
results shown in Figure 5.22. As it can be seen, both the 1-minute and 1-second jitter weighting
strategies can improve the positioning accuracy under scintillation, while the 1-second jitter
weighting can achieve a better improvement, which is similar to the results shown in Table 5.4.
Consequently, it can be concluded that the 1-second jitter weighting strategy performs better
in the positioning error mitigation compared with the 1-minute one under the scintillation

analysed in this study.
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Table 5.5 Improvements in the 3D positioning errors when using receiver phase and code
jitter weighting strategies in positioning with respect to using an elevation weighting strategy
from DOY 241 to 246 in 2019 at LYBO and SACC stations

RMS of 3D positioning error improvement
241 242 243 244 245 246

Station Weighting strategy

LYBO 1-minute jitter 3% 26%  18% 61% 10% @ -7%
1-second jitter 3% 63% 48% 78% 14% 0%
SACC 1-minute jitter 3% 5% 45% 8% 9% 67%
1-second jitter 0% 30% 58% 70% 2% 83%

Itis noticed that on DOY 241 and 246 at LYBO station, as well as on DOY 314 at FRTZ station,
the positioning errors when using the 1-minute jitter weighting are slightly higher than using
an elevation weighting, however the difference is less than 0.005 m and is ignorable.
Additionally, when only weak to moderate or no scintillation is present, e.g., on DOY 241, 245
and 246 at LYBO station and DOY 241 and 245 at SACC station, comparable performance is
observed when the 1-second and the 1-minute jitter weighting strategies are used. This may be
due to the fact that under weak or moderate scintillation, the signal fluctuations are relatively
stable, thus the 1-minute scintillation indices are comparable to the 1-second ones as shown in
Figure 5.12. Therefore, the 1-minute jitter may equally represent the measurement noise level,
which results in the comparable positioning accuracy. Furthermore, it is seen that although the
1-second jitter weighting strategy significantly mitigates the strong scintillation effects on
positioning, it can barely achieve a positioning accuracy comparable to the non-scintillation
days. As a result, scintillation mitigation approaches must be further improved. This should be
the focus of follow-on work.

5.6 Positioning precision improvements using 1-second scintillation indices

This section presents the improvements in positioning precisions with the implementation of
1-second scintillation indices in phase and code jitter weighting strategies. The precisions of

positioning are obtained by calculating the standard deviation of the estimated positions, which
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are different from the positioning accuracy that is obtained by measuring the discrepancy of
the estimated coordinates with respect to the precise reference coordinates.

Figure 5.23 shows the precisions of the positioning results in horizontal directions at PRU2
station on DOY 315 in 2014 and at LYBO station on DOY 244 in 2019. The positions are
estimated by performing kinematic PPP following the configurations summarized in Table 5.3,
with elevation based, 1-minute and 1-second phase and code jitter weighting strategies,
respectively. It can be seen from the figure that when the 1-minute jitter weighting strategy is
implemented at PRU2 station in the left of the middle panels, the horizontal precision remains
similar to the precision when an elevation based weighting is applied, as shown in the top left
panel. However, with the 1-second jitter weighting, which exploits the newly proposed 1-
second scintillation indices, the positioning result reaches the best precision, as the bottom left
panel shows. On the other hand, the positioning precision at LYBO station in the right panels
increases apparently when the 1-minute and 1-second jitter weighting strategies are
respectively used (note that the y axes have a different scale), while it reaches the highest when
the latter is applied. The positioning accuracies, denoted by the green lines, are also shown in

the figure, aiming to demonstrate the differences in relation to the positioning precision.
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Figure 5.23 Positioning results and precisions in the horizontal
directions at PRU2 stations on DOY 315 in 2014 (left) and at LYBO
stations on DOY 244 in 2019 (right). The positioning results are
calculated by performing kinematic PPP respectively using elevation,

1-minute and 1-second phase and code jitter weighting strategies

The daily 3D positioning precisions at PRU2 and FRTZ stations from DOY 314 to 320 in 2014

and at LYBO and SACC stations from DOY 241 to 246 in 2019 are shown in Figure 5.24. It
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should be noted that the y axes in the top left and bottom right panels are different from the
rest. As the figure shows the positioning precision obtained with 1-minute and 1-second jitter
weighting strategies is generally improved compared with that when an elevation weighting
strategy is applied, particularly on these days when strong and frequent scintillation events are
observed, for example, on DOY 315, 316, 317 and 319 at PRU2 station and on DOY 242, 243
and 244 at LYBO station. Furthermore, the 1-second jitter weighting can mostly achieve the
best improvement, which is similar to the results shown in Sections 5.5.1 and 5.5.2. However,
compared with the positioning precision when there is only less or no scintillation, it is still
markedly worse on these days when strong scintillation events are frequently observed even
using the 1-second jitter weighting strategy. Thus, scintillation mitigation approaches should
be improved to further increase the positioning precision under scintillation, which agrees with

the conclusion in Section 5.5.2.
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Figure 5.24 Comparison of 3D positioning precisions at PRU2, FRTZ,
LYBO and SACC stations by performing kinematic PPP respectively
using elevation, 1-minute and 1-second phase and code jitter weighting

strategies

5.7 Summary

This chapter introduced the approach to mitigate the scintillation effects on GNSS positioning
exploited in this research work, as well as proposals to circumvent its limitations. To address
one of its limitations, a new approach to calculate the 1-second amplitude and phase
scintillation index is proposed which uses the 50 Hz signal intensity and carrier phase
measurements logged by ISMRs. Based on the raw scintillation data collected at low and high
latitude ISMR stations, the newly proposed 1-second scintillation index is calculated. Its
relationship with the widely used 1-minute scintillation index measured by the ISMRs is

provided. The adverse effects of scintillation on GNSS positioning are then presented by
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calculating the positioning errors using the kinematic PPP at the ISMR stations. With the
proposed 1-second scintillation indices, the 1-second PLL phase jitter and DLL code jitter were
calculated and further used to improve the stochastic models in positioning. The positioning
accuracies and precisions calculated by performing the kinematic PPP respectively using the
elevation, 1-minute and 1-second jitter weighting strategies are compared. Results show that
both the 1-minute and 1-second jitter weighting help to improve the positioning accuracy and
precision under scintillation. However, the latter performs even better than the former under
strong scintillation. In the next chapter, the concept of receiver jitter maps and their potential
use are provided. In particular, their application on scintillation mitigation for generic
navigation receivers is explored, which will address the second limitation of the mitigation

approach studied in this work.
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6 Exploiting phase and code jitter maps to mitigate

scintillation effects on GNSS positioning

As mentioned in Section 5.1.2, the approach to mitigate scintillation effects on GNSS
positioning discussed in Aquino et al. (2009) has so far been used only in connection with
ISMRs. To implement this approach to generic receivers, i.e., the receivers that are not able to
measure and record scintillation data, this study exploits the phase and code jitter maps, which
can be used to retrieve the jitter values of the corresponding signals used in the positioning
solution. The procedure for the generation of receiver phase and code jitter maps are introduced
first, followed by the jitter maps generated based on the dense ISMR network deployed as part
of the CHAIN in the northern Canadian region. The potential uses of the jitter maps are
described thereafter. The cycle slips experienced by the ISMRs and their relationship with the
phase jitter extracted from the jitter maps are given subsequently, followed by the calculated
positioning errors under scintillation, respectively, at stations equipped with ISMRs and
stations equipped with generic receivers. The mitigation of scintillation on positioning by
exploiting the phase and code jitter maps is shown. Errors induced by the mapping function
used for the generation of phase jitter maps are studied finally.

6.1 Introduction to phase and code jitter maps

Receiver phase and code jitter maps are 2D contour plots of the interpolated vertical phase or
code jitter in the ionospheric layer (Sreeja et al. 2011). It should be noted that in Sreeja et al.
(2011), these maps are termed as “tracking jitter variance maps”. Due to the fact that “phase

jitter” and “code jitter”, respectively, are used in this study to represent the noise levels at the
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PLL and DLL outputs, as described in Section 2.2, the terminology of “phase jitter maps” and
“code jitter maps” is used instead throughout this thesis. In this section, the procedure for the
generation of the phase and code jitter maps and their potential applications are provided.
6.1.1 Generation of phase and code jitter maps
In the generation of the maps, the PLL phase jitter and DLL code jitter for each GNSS signal
are measured and verticalized to an ionospheric layer by exploiting a suitable mapping function
and interpolation technique. In this study, the phase and code jitters are calculated using the
jitter estimation models developed in Conker et al. (2003), which are described in detail in
Section 4.1.1. To ensure the accuracy of the interpolated jitter values, a large number of
ionosphere pierce points (IPPs) is required, which depends on a dense network of ISMRs that
is able to record raw scintillation data. The procedure for the generation of phase and code jitter
maps, as shown in Figure 6.1, is summarized as follows:
(1) Measure the amplitude and phase scintillation indices at the current epoch T for all
signals received by all the ISMRs that are used in the map generation
(2) Calculate the PLL phase jitter and the DLL code jitter for each signal using the jitter
estimation models given by Eq. (4.1) to (4.6)
(3) Calculate the IPP latitude and longitude of all the satellite-to-receiver links according

to the satellite and receiver locations as (Shone 2000)

Y =2—E —sin"' | —"—cos(E)] (6.1)
¢1pp = sin~![sin(¢,) cos(y)) + cos(¢p,) sin(yh) cos(Az)] (6.2)

sin[y] sin(Az)

cos(¢rpp)

Aipp = Ay +sin”t | (6.3)

where E and Az are the satellite elevation and azimuth, respectively. R, is the radius of
the Earth. h;,,, is the chosen ionospheric height. ¢;pp and A;pp are respectively the
geographic latitude and longitude of the IPP. ¢, and A,. are respectively the latitude and

longitude of the receiver
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(4) Convert the slant phase and code jitters to the vertical equivalents at each IPP with an

ionospheric mapping function, i.e.,

V= M(E)

(6.4)

where o, and o are the verticalized and slant jitters, respectively. M(E) is the
mapping function, which is related to satellite elevation E

(5) By representing the vertical jitter at the IPPs and applying interpolation algorithms,
generate the contour maps, namely, jitter maps

(6) Follow the same steps to generate the jitter maps at the next epoch T + t,p4q¢e, Where

tupaate 1S the updating interval of the jitter maps
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Figure 6.1 Procedure for the generation of the phase and code jitter

maps by exploiting a network of ISMRs

The shortest updating time of the phase and code jitter maps is determined by the rate at which
the scintillation data is available. In this study, the newly proposed 1-second scintillation
indices described in Section 5.2.2 is exploited to generate the jitter maps, thus the jitter maps
can be updated every second at the fastest. It should be noted that scintillation measurements
recorded on satellites with elevations lower than 30° are also considered in the generation of
these maps, which is different from the analysis in Section 3.3 where an elevation mask of 30°
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is used to remove the non-scintillation effects, like multipath. This difference is due to the fact
that the phase and code jitter maps constructed in this thesis actually contains all the
interferences/effects that contribute to the phase and code jitter. Thus scintillation, as well as
other effects, like multipath, are all integrated in the generation of these maps.

6.1.2 Potential uses of phase and code jitter maps

The potential uses of the phase and code jitter maps can be summarized as follows (Sreeja et
al. 2011):

(1) These maps provide the overall receiver tracking conditions for users in the area under
the current ionospheric environment, as the levels of phase and code jitters indicate the
tracking performance of the PLL and DLL, respectively. Thus, the users can assess how
the prevailing scintillation conditions could affect the receiver tracking performance

(2) These maps can play a role as a scintillation threat alert tool, as they can warn users of
the potential issues to GNSS receivers caused by scintillation. For instance, if a signal
passing through the jitter maps experiences a very large jitter value, the user receiver
may be more likely to undergo loss of lock or cycle slip issues when tracking the signal,
which may ultimately lead to a degradation of the positioning accuracy

(3) These maps can be exploited to mitigate GNSS positioning errors caused by
scintillation. As mentioned in Section 5.1.2, the scintillation mitigation approach
described in Aquino et al. (2009) is currently not used for generic receivers which are
not able to measure the scintillation data that allows the estimation of the phase and
code jitter. With the help of the jitter maps, a generic receiver can retrieve the jitter

values for each signal passing through the maps, as shown in Figure 6.2.
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Figure 6.2 Illustration of retrieving jitter values from the phase and

code jitter maps for GNSS signals received by the user receiver

It is worth mentioning that when applying the retrieved phase and code jitter values on generic
receivers, these values can only be used as an approximation of the actual values for the generic
receiver tracking loops, as the jitter maps are generated based on the ISMRs, which may have
different loop configurations compared with the generic receivers. This approximation is
reasonable, because: (1) according to the analyses in Section 4.2.2, the total phase jitter
estimated for the PLL with different bandwidths and integration times shares a similar trend,
indicating that different PLL configurations are similarly affected by scintillation, regardless
of the fact that the jitter values may not be exactly the same under scintillation; (2) these jitter
values mainly define the relative relationship between the precision of the measurements in the
positioning stochastic model. Measurements more affected by scintillation will always result
in a lower weight in the stochastic model and vice versa, in spite of the tracking loop
configurations. Therefore, it is reasonable to apply these jitter values retrieved from the jitter
maps on generic receivers. The approach to mitigate scintillation effects on GNSS positioning

by exploiting the phase and code jitter maps is given in detail in Section 6.4.1.
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6.2 Regional jitter maps generated in northern Canada

In this section, regional phase and code jitter maps are generated by exploiting the ISMRs
deployed as part of the CHAIN network in the northern Canadian region. The scintillation data
logged by the ISMRs and the scintillation occurrence are presented first. The jitter maps
generated following the procedure introduced in Section 6.1.1 are shown thereafter.

6.2.1 Scintillation dataset

As mentioned in Section 6.1.1, the generation of the phase and code jitter maps requires a dense
network of ISMRs, such as the CHAIN deployed in the northern Canadian region, as described
in Section 2.4.3. Due to the fact that the two types of ISMRs, i.e., GSV4004B and PolaRxS
Pro, equipped in the CHAIN network have different receiver tracking loop configurations, the
phase and code jitter calculated based on the jitter estimation models given by Eqg. (4.1) to (4.6)
for the two types of receivers may differ even under the same levels of scintillation.
Additionally, according to the analysis in Section 3.2.2, there are also obvious differences in
the phase scintillation spectral indices measured by the two types of ISMRs. Therefore, it is
not appropriate to mix the phase and code jitter values measured by the two types of ISMRs in
the generation of the jitter maps. In this study, the scintillation data recorded by the twelve
ISMR stations equipped with PolaRxS Pro receivers, as shown by the blue triangles in Figure
2.11, are used to conduct the analysis. The locations of these stations are listed in Table 2.2.
The scintillation data was collected from 6 to 9 September 2017, during which a geomagnetic
storm occurred. Figure 6.3 shows the variation of the geomagnetic activity levels over these
four days. It can be seen that the geomagnetic activity, indicated by the yellow region between
the AU, AL, AE and AO curves, increases gradually from 6 to 7 September and peaks on 8

September, when the strongest geomagnetic disturbance is observed from around UTC 12:00.
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Figure 6.3 Variations of the geomagnetic activity indices AU, AL (top)

and AE, AO (bottom) from 6 to 9 September 2017

Based on the raw scintillation data logged by the ISMRs, the 1-second amplitude and phase
scintillation indices are calculated using the approach proposed in Section 5.2.2. Due to the
fact that the phase scintillation at high latitudes is more severe and the amplitude scintillation
is generally very weak, this section focuses only on phase scintillation occurrence. Figure 6.4
shows the occurrence of the phase scintillation with the 1-second index o, > 0.3 rad,
measured on the GPS L1 C/A signal from 6 to 9 September at the twelve ISMR stations. It can
be seen that the total occurrence of scintillation over the four days varies significantly among
each individual station. More scintillation is observed on 7 and 8 September when the
geomagnetic activity levels are obviously increased, while the largest phase scintillation
occurrence is observed on 8 September, when the geomagnetic activity reaches the peak. It is
worth mentioning that only satellites with the elevation higher than 30° are considered in this

analysis aiming to remove possible multipath effects.
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Figure 6.4 Occurrence of phase scintillation with the 1-second index
g, > 0.3 rad measured on the GPS L1 C/A signal at the twelve ISMR

stations equipped with PolaRxS Pro receivers deployed as part of the

CHAIN from 6 to 8 September 2017

The occurrence of the phase scintillation with the 1-second index o, > 0.3 rad observed by
all the twelve ISMRs as a function of the IPP latitude and UTC time from 6 to 9 September
2017 is shown in Figure 6.5. The IPP location is calculated using Eq. (6.1) to (6.3) at an
ionospheric height of 350 km. The resolution of the grid in the time axis of the figure is 5
minutes, while it is 2° in the latitude axis. It can be seen that compared with the scintillation
captured on 6 and 9 September, there is more phase scintillation occurring on 7 and 8
September. Additionally, the phase scintillation occurrence is not evenly distributed. It is more
likely to occur at the latitudes from around 50 to 60°N. Moreover, more scintillation is observed
from around UTC 22:00 on 7 September to 04:00 and from 12:00 to 19:00 on 8 September,

when the level of geomagnetic activity increases obviously.
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Figure 6.5 Occurrence of the phase scintillation with the 1-second

index o, > 0.3 rad in relation to the IPP latitude and UTC time from

6 to 9 September 2017. The scintillation index was measured on the
GPS L1 C/A signal observed by the twelve ISMR stations equipped

with PolaRxS Pro receivers deployed as part of the CHAIN

6.2.2 Phase and code jitter maps

With the 1-second scintillation index, the PLL phase jitter and DLL code jitter are calculated
according to Eq. (4.1) to (4.6). Following the procedure described in Section 6.1.1, regional
phase and code jitter maps are generated with the configurations summarised in Table 6.1. The
jitter maps are generated at an ionospheric height of 350 km with the resolution set as 1° in
both the latitude and longitude directions. To convert the estimated slant jitter value to the
vertical equivalent, a single layer cosine mapping function is applied in this study, given by

(Hobiger and Jakowski 2017)

170



B R, cos(E) 2 6.5
M(“‘jl‘(m> oY

where R, , E and h;,,, have the same meanings as in Eq. (6.1) to (6.3). A 2D linear
interpolation algorithm is then implemented to estimate the verticalized jitter values. As the 1-
second scintillation indices are used in the phase and code jitter calculation, the phase and code

jitter maps can be updated at every 1 second.

Table 6.1 Configurations in the generation of the jitter maps

Items Settings Items Settings
lonosphere height 350 km Interpolation 2D linear
Grid resolution 1° Lat. x 1° Lon. | Mapping function  Cosine function
Update rate 1 second

Figure 6.6 shows an example of the PLL phase jitter map for the GPS L1 C/A and L2 P signals
generated at UTC 12:49:00 and 12:50:00 on 8 September 2017, along with the phase
scintillation occurrence captured at the same epoch. As the top panels show, moderate and
strong phase scintillation is captured in different regions of the ionosphere. Meanwhile,
relatively larger PLL phase jitter is observed in the middle and bottom panels in the same region
where scintillation occurs, for example, in the region between around 95 to 115 °W and 55 to
60 °N. This means that the signals crossing these ionospheric regions would experience larger
jitter values and may present a lower PLL tracking performance. It is also seen that the PLL
phase jitter on the L2 P signal in the bottom panels is generally larger than that on the L1 C/A
signal in the middle panels. This is reasonable as the L2 P signal is more susceptible to
scintillation effects, as explained in Section 3.1.3. Moreover, the C/NO levels for the L2 P

signal are generally lower than for the L1 C/A, which is mentioned in Section 4.1.1.
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As described in Section 6.1.2, these phase and code jitter maps can be used to warn users of
potential issues faced by GNSS receivers when tracking the signals crossing the map regions.
In the next section, an example is given on how the phase jitter maps can be helpful in
identifying the cycle slips.

6.3 Cycle slip and positioning error under scintillation

In this section, the cycle slips detected at the ISMR and the generic GNSS receiver stations
under the high latitude scintillation shown in Figure 6.4 are analysed. The relationship between
the cycle slips and the corresponding phase jitter levels are investigated. The positioning errors
caused by scintillation are calculated and presented.

6.3.1 Cycle slip occurrence and phase jitter

Cycle slip occurrence and its relationship with the phase jitter is studied in this section. The
cycle slip is detected based on the code and carrier phase measurements following the approach
introduced in Section 2.3.3. It should be noted that only the cycle slips detected on the signals
with the satellite elevation higher than 30° are considered, as on the signals with a lower
elevation the cycle slip may be caused by strong multipath effects rather than scintillation.
Figure 6.7 shows the occurrence of cycle slips in relation to the signal IPP latitude and the UTC
time during 6 to 9 September 2017. The cycle slips are detected at the twelve ISMR stations
used in the generation of the jitter maps. The size of the grid in this figure is the same as that
in Figure 6.5, i.e., 2°in the latitude direction and 5 minutes in the time axis. As the figure
shows, cycle slips are frequently detected on each day, even on 6 and 9 September when not
much phase scintillation is captured, as shown in Figure 6.5. However, from around UTC 22:00
on 7 September to 04:00 and from 12:00 to 16:00 on 8 September, more cycle slips are observed
at the latitudes ranging from 50 to 60°N, when the phase scintillation occurrence increases
markedly. This indicates that the phase scintillation can enhance the probability of cycle slip

occurrence.

173



6 September 2017

7 September 2017

80 20 g 80 TSk 20 g
__75 & T75[ 1 r 5
£ 70 ‘w /| |" WIHU 5 £ 70 | M it s £
o 65 ! 8 ~ 65 : : 5]
[ 8 [ Qe
2 %) “Mm ! .ﬁ (”W R | ')‘ . e
® 55 | ' 5 ® ®55 | 5 @
- 50 I I I\ \' II i - 50 I’Il Hl’ll I‘ : §

45 0o & 45 0o &

0 12 16 20 0 0 4 8 12 16 20 0

80 8 September 2017 20 g 80 9 September 2017 20 g
® 75 ' o
o — | \I o
‘H W'“ \ s Z70m | |‘| m' 15 5
g g ! | ! 3
08 3 |H ] 10 8
I RERE »W il .r] | u

5 © | I T ) 5
I g‘ - 50 I (| || | | §
0 & 4 o &

8 12 16 20 O
UTC time (hour)

12 16 20 O
UTC time (hour)

Figure 6.7 Occurrence of the cycle slips in relation to the IPP latitude
and UTC time from 6 to 9 September 2017. The cycle slips are detected
at the twelve ISMR stations equipped with PolaRxS Pro receivers

deployed as part of the CHAIN

Figure 6.8 presents the maximum of the verticalized PLL phase jitter as a function of the IPP
latitude and UTC time. The maximum jitter value is calculated on the GPS L1 C/A signal in a
similar grid size as that in Figure 6.5 and Figure 6.7. It is seen that the max values of the phase
jitter on 6 and 9 September are generally lower than around 0.03 rad, while on 7 and 8
September, obviously larger jitter values are frequently observed, particularly in the latitude
region of around 50 to 60°N from around UTC 12:00 to 16:00 on 8 September. This is in
agreement with the region where more cycle slips are detected, as shown in Figure 6.7. Thus,
the occurrence of cycle slips is also related to the levels of the phase jitter in the jitter maps,
indicating that the phase jitter maps produced in this study are helpful for users to identify

potential receiver issues caused by scintillation, such as cycle slips.
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Figure 6.8 The max value of the verticalized phase jitter measured for
the GPS L1 C/A signal as a function of the IPP latitude and the UTC
time. The maximum jitter value is calculated in the same size of the

grid as that in Figure 6.5 and Figure 6.7

To further demonstrate the effectiveness of the phase jitter maps in warning the potential cycle
slip related issues for user receivers, the cycle slip occurrence and its percentage of occurrence
in relation to the phase jitter are studied. It should be noted that the phase jitter here is the slant
value retrieved from the phase jitter maps following the procedure that is to be introduced in
Section 6.4.1. Figure 6.9 shows the cycle slip occurrence in relation to the phase jitter
calculated on the GPS L1 C/A signal. Cycle slips are detected on 8 September 2017 at FSMC
station, equipped with a PolaRxS Pro ISMR as part of the CHAIN network, and RNKN station,
equipped with a generic GNSS receiver operational as part of the Canadian Active Control
System (CACS). The location of RNKN station and the type of receiver deployed at this station
are given in Table 6.2 in the next section. It can be seen that with the increase in the PLL phase

jitter, the cycle slip percentage in the bottom panels increases markedly at both stations,
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indicating that the signal experiencing a larger phase jitter would more probably be impacted
by cycle slips. For example, if a signal observed at FSMC station experiences a phase jitter that
is more than 0.05 rad, it may encounter cycle slips at a probability of more than 60%. This
further shows that the PLL phase jitter maps are helpful to identify potential tracking issues for
the signals passing through the maps. It is worth mentioning that there are also many cycle slip
occurrences in the top panels when the phase jitter values are less than 0.04 rad at both stations.
This is due to the fact that the cycle slip can also be related to factors other than the increased

PLL phase jitter. This would be worth analysing in future studies.
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Figure 6.9 Cycle slip occurrence and its percentage of occurrence in
relation to the PLL phase jitter at FSMC and RNKN stations. The phase
jitter is the slant value retrieved from the phase jitter maps generated

on 8 September 2017

6.3.2 Positioning errors under scintillation
To demonstrate the effects of the high latitude scintillation observed during the September

2017 geomagnetic storm on GNSS positioning, the positioning errors are calculated in this
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section at four ISMR stations equipped with PolaRxS Pro receivers, namely FSMC, RANC,
MCMC and RABC, all part of the CHAIN network. Details of the locations of these four
stations can be found in Table 2.2. Apart from the ISMR stations, another six stations
operational as part of the CACS are chosen, which are equipped with different types of high
precision dual-frequency receivers, as listed in Table 6.2. The distribution of the stations used

for the analysis in this section is shown in Figure 6.10.

Table 6.2 Locations and receiver types of the stations operational as part of the CACS

Station

abbreviation Lat. (°N) Long. (°E) Receiver
DRNG 64.86 248.42  TRIMBLE NETR9
REPL 66.52 273.77  TRIMBLE NETR9
JAVAD TRE_3N
YELL 62.48 245.52 DELTA
TKTO 62.49 256.72 TRIMBLE NETR9
CHUR 58.76 265.91 TPS NET-G3A
RNKN 62.81 26791 TRIMBLE NETR8

A CHAIN

I cacs

105" 90"
Figure 6.10 Distribution of the four ISMR stations deployed as part of

the CHAIN and the six stations operational as part of the CACS

equipped with generic receivers
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Following the positioning strategies summarised in Table 5.3, the precise reference coordinates
of each station shown in Figure 6.10 are calculated by performing static PPP processing using
the POINT software based on the GPS L1 C/A and L2 P measurements recorded on 6
September 2017, when less or no scintillation is observed. The positioning errors are calculated
subsequently by comparing the reference coordinates with the coordinates estimated by
performing kinematic PPP with a satellite elevation weighting strategy.

Figure 6.11 shows the positioning errors in the east, north and up directions along with the 1-
second phase scintillation index measured on the GPS L1 C/A signal at the four ISMR stations
from 6 to 9 September 2017. It can be seen that the occurrence of strong phase scintillation
increases markedly from 6 to 8 September at all the stations. On 8 September, most of the phase
scintillation occurs from around UTC 00:00 to 07:00 and 12:00 to 18:00, despite the fact that
its intensity varies at different stations. When there is less scintillation captured on 6 September
at RANC, MCMC and RABC stations, the positioning errors in all the directions are less than
0.20 m, while they increase obviously by different extents on 7 and 8 September during the
scintillation occurrence. The largest positioning errors are seen on 8 September at all these four
ISMR stations, when the geomagnetic disturbance reaches the highest level, which is shown in

Figure 6.3.
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Figure 6.11 1-second phase scintillation index measured on GPS L1

C/A signal and the positioning errors in the east, north and up directions
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Figure 6.12 presents the positioning errors calculated at the six stations equipped with different

types of generic receivers deployed as part of the CACS from 6 to 9 September 2017. Increases

in the positioning errors are frequently seen at each station during these four days, while

relatively larger errors are mostly observed from around UTC 12:00 to 16:00 on 8 September,

exactly when strong scintillation is frequently observed. Additionally, it is seen that the stations

deployed at lower latitudes, e.g., TKTO, RNKN and CHUR stations, tend to experience larger

positioning errors, which agrees with the spatial distribution of the phase scintillation, as shown
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in Figure 6.5. Thus, the degradation in positioning accuracy at these stations is very likely

caused by scintillation.
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Figure 6.12 Positioning errors in the east, north and up directions
calculated at the six GNSS stations equipped with different types of
generic receivers operational as part of the CACS from 6 to 9

September 2017

In order to reduce the positioning errors under scintillation, the mitigation approach described
in Section 5.1.1 can be implemented on the ISMR stations, as the phase and code jitter can be
directly calculated based on the measured scintillation indices. However, the stations equipped
with a generic receiver cannot measure the scintillation indices, therefore offering a suitable

opportunity to exploit the phase and code jitter maps produced in Section 6.2.2. Details of the

180



approach to mitigate the scintillation effects on positioning by exploiting the jitter maps and
the achieved improvements in the positioning accuracy are given in the next section.

6.4 Scintillation mitigation on GNSS positioning using jitter maps

In this section, the approach to mitigate the scintillation effects on positioning accuracy by
using the phase and code jitter maps generated in this study is provided. The improvements in
the positioning accuracy achieved at the ISMR stations and the stations equipped with generic
receivers are presented.

6.4.1 Approach to mitigate positioning error with jitter maps

Due to the fact that generic receivers are not able to estimate the scintillation indices and thus
the phase and code jitter, the scintillation mitigation approach described in Section 5.1.1 cannot
be directly implemented. With the help of the phase and code jitter maps generated in this
study, the values of the phase and code jitter corresponding to the signals can be retrieved from
these maps, making the mitigation approach applicable to the generic receivers. Figure 6.13
presents the concept to mitigate the scintillation effects on GNSS positioning errors by
exploiting the phase and code jitter maps. As the figure shows, the jitter maps are generated
based on the scintillation indices measured by the ISMRs deployed in a dense network, e.g.,
the CHAIN. On the other hand, the IPP locations for each signal passing through the maps are
calculated at the user station according to Eq. (6.1) to (6.3). By searching the PLL or DLL jitter
maps according to the IPP latitude and longitude, the grid in the maps that the signal crosses
can be located. Through a linear interpolation of the verticalized jitter values at the four corners
of the grid, e.g., a, b, c and d in the figure, the corresponding verticalized jitter o,,0,¢icq: at the
IPP can be interpolated. Through an inverse mapping process, the slant jitter value can be
finally obtained, which is further used to modify the stochastic models in positioning following

the mitigation approach described in Section 5.1.1.
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Figure 6.13 Concept of mitigating GNSS positioning errors under

scintillation by exploiting the phase and code jitter maps

It is worth mentioning that when interpolating the vertical jitter value and converting to the
slant equivalent in the process shown in Figure 6.13, the same interpolation technique and
mapping function are respectively used as in the jitter map generation process, which is
summarised in Table 6.1. Additionally, if the signal received by the user receiver passes outside
of the maps, which may frequently happen when the user receiver is located in the edge region
covered by the maps, the corresponding phase and code jitter are deemed not valid. In this case,
the measurement precision calculated based on an elevation weighting strategy is used to
replace the invalid phase or code jitters in the construction of the stochastic models.

The mitigation approach by exploiting the jitter maps presented in Figure 6.13 is suitable to
both ISMRs and generic receivers. With this approach, the positioning errors are recalculated
at the four ISMR and the six generic stations by performing kinematic PPP with a phase and
code jitter weighting strategy. The improvements in the positioning accuracy with respect to
that obtained with an elevation weighting are calculated and shown in the next section. It should

be noted that when the user station is equipped with an ISMR, the corresponding scintillation
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data is sacrificed in the generation of the jitter maps used in the next section in order to ensure
independence in the tests.

6.4.2 Scintillation mitigation for ISMRs using jitter maps

By modifying the position estimation stochastic models using the phase and code jitter
retrieved from the jitter maps, the positioning errors at RANC, FSMC, MCMC and RABC
stations are calculated by performing kinematic PPP using a jitter weighting strategy. As a
PolaRxS Pro ISMR is deployed at these stations, the 1-second scintillation indices and the 1-
second phase and code jitter are also calculated, using the approach introduced in Section 5.2.2
and the jitter estimation models given in Section 4.1.1, respectively. This directly calculated
jitter is also implemented in the jitter weighting strategy in positioning, aiming to compare the
performance of the retrieved and directly calculated jitter in scintillation mitigation.
Additionally, due to the fact that the positioning errors caused by scintillation are more severe
and concentrated on 8 September 2017 at all the stations, as shown in Figure 6.11 and Figure
6.12, the scintillation mitigation is only performed on this day in this analysis.

Figure 6.14 shows the positioning errors in the up and horizontal directions at the four ISMR
stations on 8 September 2017, calculated by the kinematic PPP solution with elevation and the
1-second jitter weighting, with the jitter extracted from the jitter maps and calculated by the
jitter estimation models, respectively. It can be seen that when using an elevation weighting
strategy, significant positioning errors are seen in both the up and the horizontal directions.
Large spikes in the positioning errors are frequently observed from UTC 12:00 to 14:00 at each
station. These spikes are generally reduced when the 1-second jitter weighting is implemented,
indicating that the 1-second phase and code jitter weighting generally achieves a better
positioning accuracy under scintillation. On the other hand, the positioning errors obtained by
the 1-second jitter weighting strategy with the jitter directly calculated by the jitter estimation

models are, as expected, smaller than when the jitter is retrieved from the jitter maps.
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Additionally, it is worth mentioning that even with the 1-second jitter weighting, the
positioning errors caused by the scintillation cannot be totally removed. Obvious errors still
remain in both the up and the horizontal directions. This means that there is scope for further
improvement in the proposed scintillation mitigation approach, which may be the subject of

future research.
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Figure 6.14 Variation of the positioning errors in the up (top) and
horizontal (bottom) directions calculated on 8 September 2017 at
RANC, FSMC, MCMC and RABC stations. The positioning errors are
estimated by performing the kinematic PPP respectively using
elevation and 1-second phase and code jitter weighting strategies
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Figure 6.15 presents the 3D positioning errors calculated at RANC, FSMC, MCMC and RABC
stations on 8 September 2017. The positioning errors are estimated by performing kinematic
PPP with the three different weighting strategies. Due to the PPP convergence process, the first
hour of the positioning error time series calculated at each station is not considered. As the
figure shows, the elevation based weighting strategy presents the largest 3D positioning errors
at all the stations. At MCMC station, the daily RMS of the 3D positioning error reaches 1.11
m, while it is reduced to 0.50 and 0.48 m when the two other approaches, based on the 1-second
jitter weighting, are used, respectively. By comparing the results of the two jitter weighting
strategies it becomes clear that the use of the maps entails a performance nearly as good as the
use of the actual jitter values estimated directly by the models. The differences are most
probably due to possible imprecisions/inadequacies in the mapping function and the
interpolation process, leaving scope for future research on potential improvement in these two
areas. Nevertheless, the results of the comparison are encouraging and can be regarded as a
validation of the maps, confirming the potential of their use in mitigating the positioning errors

under scintillation conditions when it is not possible to estimate directly the jitter errors.
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Figure 6.15 RMSs of the 3D positioning errors calculated by
performing the kinematic PPP respectively using elevation and 1-
second phase and code jitter weighting strategies on 8 September 2017

at RANC, FSMC, MCMC and RABC stations

The percentage improvements in the 3D positioning errors when using the 1-second jitter
weighting strategies in positioning, corresponding to the results shown in Figure 6.14 and
Figure 6.15, are summarised in Table 6.3. It can be seen that with the assistance of the phase
and code jitter maps, the positioning accuracies at all the stations are generally improved.
Improvement of, respectively, 55% at MCMC station and 52% at RANC station, is achieved.
Therefore, it can be concluded that the jitter maps generated in this study can be used to mitigate

the scintillation effects on GNSS positioning at the ISMR stations in this analysis.
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Table 6.3 Percentage improvements in the 3D positioning errors when using phase and code
jitter weighting strategies in positioning with respect to using an elevation weighting strategy
calculated on 8 September 2017 at RANC, FSMC, MCMC and RABC stations

1-second jitter Station
weighting strategy ~ RANC FSMC MCMC RABC
Jitter maps! 52% 33% 56% 33%

Jitter estimation
models?
! 1-second jitter retrieved from jitter maps
2 1-second jitter calculated by the jitter estimation models using
the measured 1-second scintillation indices

55% 43% S57% 38%

6.4.3 Scintillation mitigation for generic receivers using jitter maps

The positioning errors in the up and horizontal directions on 8 September 2017 at the six
stations operational as part of the CACS are calculated by performing kinematic PPP
respectively using the elevation and the jitter map based 1-second jitter weighting strategies,
as shown in Figure 6.16. The jitter value used in the jitter weighting strategy is retrieved from
the phase and code jitter maps, following the approach described in Section 6.4.1. As the figure
shows, the positioning errors in the up and horizontal directions are generally reduced when
the 1-second jitter weighting strategy is applied in comparison to the elevation weighting
strategy. The positioning error calculated using the elevation weighting at YELL station
reaches more than -3 m in the up direction and 3 m in the horizontal direction at around UTC
12:10, while are reduced to -2.4 m and 0.65 m respectively when using the 1-second jitter
weighting strategy. However, it is also seen that although the 1-second jitter weighting strategy
can help to mitigate the positioning errors under scintillation, it can barely reach an accuracy

comparable to non-scintillation conditions.
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Figure 6.16 Variation of the positioning errors in the up (top) and

horizontal (bottom) directions calculated on 8 September 2017 at

DRNG, REPL, YELL, TKTO, CHUR and RNKN stations. The

positioning errors are estimated by performing the kinematic PPP

respectively using elevation and 1-second phase and code jitter

weighting strategies

Figure 6.17 shows the RMSs of the 3D positioning errors calculated with the two different

weighting strategies on 8 September 2017 at the six stations. It can be seen that the 3D

positioning errors estimated using the elevation weighting strategy are generally reduced by

using the 1-second jitter weighting strategy. At the stations where the positioning errors are
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more affected by scintillation, e.g., at YELL, TKTO and RNKN station, the 3D positioning
errors are reduced by 0.17, 0.15 and 0.18 m, respectively, indicating the effectiveness of
exploiting jitter maps in the positioning error mitigation under scintillation. However, it is
noticed that the positioning errors at DRNG and REPL station are only reduced by 0.03 and
0.02 m, respectively. Thus, a future study can be carried out to further improve the performance

of the jitter maps in scintillation mitigation.
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Figure 6.17 RMSs of the 3D positioning errors calculated by
performing the kinematic PPP respectively using elevation and 1-
second phase and code jitter weighting strategies on 8 September 2017

at DRNG, REPL, YELL, TKTO, CHUR and RNKN stations

Table 6.4 summarizes the percentage improvements in the 3D positioning errors when using a
1-second jitter weighting strategy in the kinematic PPP calculation, compared to when an
elevation weighting is used. It can be seen that the positioning accuracy is generally improved

at all the stations. Improvements, respectively, of 50% at YELL station and 47% at RNKN
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station are achieved, indicating that exploiting the 1-second jitter extracted from the jitter maps
generated in this study can help to improve the positioning accuracy under scintillation.
However, it is also seen that the 1-second jitter weighting approach only achieves an
improvement of around 20% at DRNG, REPL, TKTO and CHUR stations. This may be due to
the following reasons: (1) as mentioned in Section 6.4.2, extra errors may be added to the phase
and code jitter extracted from the jitter maps through the mapping and interpolation techniques
in the generation of the maps, which decrease the effectiveness of using the phase and code
jitter to respectively represent the precision of carrier phase and pseudorange measurements;
(2) the CHUR station is located at the southeast edge of the jitter maps, as shown in Figure
6.10, which results in invalid jitter values used in the stochastic models in position estimation
using a jitter weighting strategy; (3) as mentioned in Section 6.1.2, the phase and code jitter
values retrieved from the maps, constructed based on ISMRs, are used to approximate those in
generic receiver tracking loops. The difference in the tracking loop configurations between
generic receivers and ISMRs may also result in the decreased effectiveness of the retrieved
jitter in representing the precision of measurements of generic receivers. Due to the time
limitation of this study, these possible reasons affecting the performance of the jitter maps in
scintillation mitigation have not been fully investigated. In the next section, the jitter errors

induced by the mapping function are investigated.

Table 6.4 Percentage improvements in the 3D positioning errors when using receiver phase
and code jitter weighting strategies in positioning with respect to using an elevation
weighting strategy on 8 September 2017 at DRNG, REPL, YELL, TKTO, CHUR and RNKN

stations
1-second jitter Station
weighting strattgy DRNG REPL YELL TKTO CHUR RNKN
Jitter maps 21% 19% 50% 23% 20% 47%
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Based on the analysis in this section, it is seen that the phase and code jitter maps generated in
this work can help both ISMRs and generic receivers to improve the positioning accuracy under
scintillation. Due to the fact that the generation of these maps requires a dense network of
ISMRs, which is only currently available in the CHAIN deployed in northern Canada, the
scintillation mitigation exploiting the jitter maps in other regions, such as in equatorial regions,
is not carried out in this thesis.

6.5 Phase jitter errors induced by the mapping function

As mentioned in the previous sections, the mapping function used in the construction of the
phase and code jitter maps can potentially induce errors in the phase and code jitter values
retrieved from the maps, which in turn affects their performance when used in the mitigation
of scintillation effects on GNSS positioning. Due to the fact that phase scintillation is the
dominant effect observed over the data collection period, this section focuses on the mapping
function induced phase jitter errors in the generation of the phase jitter maps. The relationship
between these errors and various factors, including satellite elevation, scintillation indices and
C/NO levels, are presented.

6.5.1 Coinciding points and phase jitter errors

The mapping function induced phase jitter errors in the generation of the phase jitter maps are
studied by analysing the deviations between the verticalized phase jitter values that are
converted on signals passing through the coinciding point, as Figure 6.18 shows. In the figure,
the signals propagated from satellite A to ISMR a through IPP,, denoted as link A, and from
satellite B to ISMR b through IPPg, denoted as link B, cross the same ionospheric pierce
point, referred to as coinciding point (Nava et al. 2007), by satisfying the following conditions

|IPPy 1ar — IPPp 1a¢| < 1° (6.6)

|IPP, pon — IPPg 1on| < 1° (6.7)
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where IPP, ;4. and IPP, ., are the latitude and longitude of /P P,, respectively. IPPg ;4¢ and
IPPg 1o, are the latitude and longitude of 1P Py, respectively. With the mapping function, the
phase jitter values calculated on link 4, denoted as o5 4, and link B, denoted as o5 5, are
verticalized to their equivalents oy, 4 and oy, 5, respectively, as shown in the figure. If the
mapping function perfectly represents the jitter conversion from slant to vertical direction, oy 4
should be equal to oy p. In practice, oy, 4 is not always equal to oy, 5. The difference between
them is defined as the mapping function induced phase jitter error MF,,,,,, given by
MFerror = 0y g — Oy 4 (6.8)

It should be noted that Eq. (6.8) can also be used to estimate the code jitter error induced by

the mapping function, provided that oy, 4 and oy, p are the verticalized code jitter values.
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Figure 6.18 Example of signals cross the coinciding point in the

ionosphere

The coinciding points are detected in the generation of the phase jitter maps on 8 September
2017, based on the scintillation data sets recorded by the twelve ISMRs described in Section
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6.2.1. On this day, a total number of 4800 coinciding points are detected with the conditions
given by Eq. (6.6) and (6.7) satisfied. Figure 6.19 presents the spatial distribution of the
coinciding points coloured according to the levels of mapping function induced phase jitter
error MF,,..,. It can be seen that the values of MF,,,,, are generally low. They tend to randomly
distribute in the ionospheric region. Some relatively larger values are observed in the edge of
the region, such as in the regions of around 60 to 70°N, 120 to 135°WW and 70 to 75°N, 70 to

100°w.
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Figure 6.19 Spatial distribution of the coinciding points coloured
according to the levels of mapping function induced phase jitter error
MF,,,.,- The coinciding points are detected during the generation of

phase jitter maps for the GPS L1 C/A signal on 8 September 2017.

Figure 6.20 shows the histogram of the phase jitter error MF,,,, corresponding to the
coinciding points presented in Figure 6.19. As the figure shows, most MF,,,.,, fall into the range
between -0.01 to 0.01 rad. The standard deviation and mean of MF,,,,, are 0.0057 and 0.00039
rad, respectively, indicating that the mapping function induced phase jitter errors are generally
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small. In the next section, the factors that affect the levels of phase jitter errors induced by

mapping function are investigated.

500
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cror
Figure 6.20 Histogram of the mapping function induced phase jitter
error MF,,,,, calculated at the coinciding points, which are detected
during the generation of the phase jitter maps for the GPS L1 C/A

signal on 8 September 2017

6.5.2 Factors affecting mapping function induced phase jitter errors

The relationships between the mapping function induced phase jitter error MF,,,,, and satellite
elevation, the 1-second phase scintillation index, as well as C /N0 levels are analysed, as shown
in Figure 6.21. It can be seen in the top panel that MF.,,,,, is more likely to be larger when the
difference between the elevations of satellites A and B is high. For instance, when the elevation
is around 15° for satellite A and around 45 to 90° for satellite B, more MF,,,,, is observed in
the range between -0.02 to -0.01 rad. This means that the mapping function induced phase jitter
errors are related to the satellite elevation. The middle panel of the figure presents the variation

of MF,,,,, inrelation to the 1-second phase scintillation index g, measured on the GPS L1 C/A

signals of satellites A and B. As it shows, when g, measured on both signals is at a lower level,
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MF,,,,. tends to be smaller. However, when o, measured on the signal of satellite B is
obviously larger than that on satellite A and vice versa, MF,,,,, increases markedly, indicating
that the large difference in the scintillation levels also contributes to a larger MF,,,,, .

Nevertheless, there are only a few cases when the scintillation levels measured on the signals

crossing the coinciding points are significantly different.
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scintillation index o, (middle), as well as C/NO levels (bottom).

MF,,,,. 1s calculated for the GPS L1 C/A signals that cross the
coinciding points detected during the generation of the phase jitter

maps on 8 September 2017

The bottom panel shows the variation of MF,,,,, as a function of the C/NO level. It is obviously
seen that when € /N0 measured on the signals crossing the coinciding points is comparable,
the values of MF,,,,, are generally smaller, falling into the range between -0.01 to 0.01 rad. By
contrast, when there are apparent differences between C/NO levels of the signals crossing the
coinciding points, MF,,,,, increases obviously. The largest MF,,,, tends to occur when
the C/NO levels have the largest difference, e.g., when C/NO is around 50 dB-Hz measured on
the signal of satellite A and lower than 40 dB-Hz on satellite B and vice versa.

Based on the analysis in this section, it is found that the phase jitter errors induced by the
mapping function are related to the satellite elevation, the phase scintillation intensities and
C/NO levels. The errors tend to increase when large differences of these factors are observed
on the signals crossing the coinciding points. Therefore, it is necessary to consider these factors
in the development of novel mapping functions, which is suggested as the focus of future work.
6.6 Summary

This chapter introduced the application of the phase and code jitter maps in the scintillation
mitigation on GNSS positioning. The procedure for the generation of the jitter maps and their
potential use were given, followed by the jitter maps generated based on the scintillation data
recorded at the ISMRs deployed as part of the CHAIN during the geomagnetic storm that took
place in September 2017. The relationship between cycle slips and the corresponding phase
jitter values retrieved from the jitter maps was investigated. It is found that the jitter maps are

beneficial in warning the occurrence of and identifying potential cycle slips for users.
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Subsequently, the positioning errors due to scintillation were calculated at the four ISMR
stations of the CHAIN and the six stations operational as part of the CACS, the latter equipped
with different types of generic receivers. Results show that the positioning errors at different
stations increased significantly under scintillation. To mitigate the scintillation effects on
GNSS positioning, the 1-second jitter weighting strategy is implemented, where the jitter
values were extracted from the generated jitter maps. Results show that the positioning errors
for both ISMRs and the generic receivers were reduced when using the jitter weighting strategy,
indicating that the jitter maps generated in this work can help to improve the positioning
accuracy under scintillation. The phase jitter errors induced by the mapping function in the
generation of the phase jitter maps are studied. The factors that affect the levels of these errors
are investigated. It is found that the mapping function induced phase jitter errors are generally
small. They are related to the satellite elevation, phase scintillation levels as well as the signal
C/NO levels. In order to maximize the performance of the jitter maps, novel mapping function

and interpolation techniques may be developed, which is proposed as the focus of future study.
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7 Summary, conclusions and future work

In the presence of scintillation, the GNSS signal quality and receiver performance can be
significantly degraded, thus increasing the errors in positioning and navigation. Under strong
scintillation, the GNSS receiver can even lose the lock on the signals, which poses serious
threats to safety-critical GNSS applications and precise positioning. In summary, the aims of
research reported in this thesis are (1) characterizing the GNSS signal intensity fadings under
scintillation, (2) modelling scintillation effects on receiver tracking loops and (3) developing
scintillation mitigation approaches, aiming to support high accuracy GNSS positioning under
scintillation.

For a deeper understanding of scintillation effects on GNSS signals, signal intensity fadings
due to amplitude scintillation were characterized using 3 months of real scintillation data during
the solar maximum year of 2014 recorded at PRU2 station in Brazil, where a PolaRxS Pro
receiver was deployed. The variation of the fading depth, duration and occurrence in relation
to amplitude scintillation index S4 was mathematically modelled. Additionally, the
relationship between signal intensity fadings and GNSS receiver tracking errors was analysed.
To better describe how the signal intensity fadings affect PLL tracking errors, for the first time
the fading speed defined as the ratio of fading depth to duration, was proposed in this thesis.
This analysis is helpful to acquire better knowledge of scintillation effects on receiver tracking
loops.

ISMRs of different types are deployed globally to monitor scintillation and study the
ionospheric morphology. An interesting question which arises is whether the scintillation

indices measured by the different types of ISMRs can be mixed up together in scintillation
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studies. To address this question, a common dataset of simulated scintillation data, generated
by a GNSS hardware signal simulator - GSS8000-series Radio Frequency Constellation
Simulator, was processed by the two types of widely used ISMRs, i.e., PolaRxS Pro and
GSV4004B. The amplitude and phase scintillation indices calculated, respectively, based on
the raw 50 Hz data logged by these two receivers were compared. Additionally, by processing
the simulated scintillation data using a PolaRxS Pro receiver with its PLL configured to
different bandwidths and integration times, the effects of PLL tuning on scintillation indices
calculation were studied, which contributes to a deeper understanding of the effects of ISMR
PLL tracking loop configurations on scintillation monitoring.

In order to quantitatively evaluate scintillation effects on receiver tracking loops, the phase and
code jitter estimation models developed in Conker et al. (2003) were studied in this thesis,
which estimated the phase and code jitter at the PLL and DLL outputs, respectively. There are

still concerns with regards to these models, such as: (1) these models are only valid when

amplitude scintillation index S4 is lower than ‘/2—7; (2) these models have a strong dependence

on the PLL and DLL configurations, as described in Section 4.1.3. To address these concerns,
the effects of PLL bandwidth and integration time tuning on the phase jitter estimation were
studied by processing scintillation data using the PLL with different bandwidths and integration
times. Furthermore, an alternative approach was developed in this study which estimates the
phase and code jitter under scintillation by exploiting the raw discriminator output. On the other
hand, in order to measure the scintillation effects on the PLL tracking errors, the distribution
of tracking errors under scintillation was studied. A custom-defined PDF was proposed in this
study to fit the measured distribution curves of the tracking errors under scintillation, which
provides an alternative way to model the scintillation effects on receiver tracking errors.

The approach to mitigate scintillation effects on GNSS positioning was studied. In this thesis,

the scintillation mitigation approach, referred to as the phase and code jitter weighting approach
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developed in Aquino et al. (2009) was applied, which improves the stochastic models in
positioning by exploiting the PLL phase jitter and DLL code jitter estimated using the models
developed in Conker et al. (2003). However, there are still two limitations of this approach,
namely: (1) when using the 1-minute phase and code jitter, calculated based on the 1-minute
scintillation indices, to represent the noise levels of GNSS instantaneous measurements, the 1-
minute jitter values may not be the best solution, as it was shown in this thesis that signal
fluctuations caused by scintillation vary significantly within 1 minute and present large second-
to-second variabilities; (2) this mitigation approach has so far been only used in connection
with ISMRs, which are capable of measuring scintillation indices. For generic GNSS receivers
which are not able to estimate scintillation indices and consequently the phase and code jitter,
this mitigation approach cannot be implemented directly. A detailed description of the
limitations is given in Section 5.1.2. To address the first limitation, an approach to calculate
the 1-second scintillation indices was proposed in this thesis. These indices were further used
to estimate the phase and code jitter and mitigate the scintillation effects on GNSS positioning.
To address the second limitation, the concept of phase and code jitter maps introduced in Sreeja
etal. (2011) was exploited. In this way, the generic receivers can extract and calculate the jitter
values directly from these maps for each measurement, which can subsequently be used to
mitigate the positioning errors under scintillation based on the phase and code jitter weighting
strategy. In this thesis, regional phase and code jitter maps were constructed using the
scintillation data recorded during the geomagnetic storm in September 2017 by PolaRxS Pro
receivers deployed as part of the CHAIN. With the help of the phase and code jitter maps,
scintillation mitigation on GNSS positioning for ISMRs and generic receivers was studied.

In the following subsection, the conclusions drawn from the studies of this thesis are

summarized. The recommendations for future work are given next.
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7.1 Conclusions and remarks
Based on the research in this thesis, the following conclusions can be drawn:

(1) In characterising signal intensity fadings under low latitude scintillation, it was found
that most of the fading depths are between -5 dB to -15 dB and durations are within 1
second for all levels of scintillation. An inverse relationship was observed between the
fading depth and duration (Guo et al. 2019a). Additionally, it was concluded that the
fadings with depth around -20 dB are more damaging and more likely to degrade the
PLL performance, and fadings with shorter durations tend to greatly increase the PLL
tracking errors. It was also observed that with the increase in fading speed, the tracking
error variance increases gradually (Guo et al. 2019a).

(2) In investigating the difference between the PolaRxS Pro and GSV4004B receivers in
scintillation monitoring, it was found that the scintillation indices S4 and Phi60
calculated based on the scintillation data logged by the two types of ISMRs are similar,
while the calculated phase scintillation spectral indices p and T present more
deviations, which is due to the differences in the background noise of the carrier phase
measurements output by these two types of receivers. This suggests that the phase
scintillation spectral indices measured by these two types of ISMRs cannot be mixed
directly in scintillation study. Additionally, results showed that the calculation of S4
and Phi60 indices is less affected by the PLL loop bandwidth and the integration time,
however, increasing the PLL bandwidth and the integration time can respectively
increase the T and p levels (Guo et al. 2020a).

(3) Based on the phase and code jitter estimation models developed in Conker et al. (2003),
the effects of the PLL bandwidth and integration time tuning on the phase jitter
calculation were studied. Results showed that an increase in the PLL bandwidth can

decrease the levels of phase scintillation induced phase jitter, indicating that the PLL
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with a lower bandwidth is more susceptible to phase scintillation. By contrast, the
thermal noise component in the phase jitter increases gradually with the increase in the
loop bandwidth. In conclusion, increasing the PLL bandwidth has an opposite effect on
the phase jitter components induced by thermal noise and phase scintillation. There is
a trade-off when selecting the PLL bandwidth for receiver manufacturers (Guo et al.
2020a).

(4) An alternative approach was proposed in this study to estimate the phase and code jitter
by exploiting the raw PLL and DLL discriminator outputs. By processing the real
scintillation data collected at low and high latitude stations using an SDR receiver, the
phase and code jitter were estimated, respectively, using the jitter estimation models
described in Conker et al. (2003) and the approach proposed in this study. Results
showed that using the model and the proposed approach achieve a good match in the
phase and code jitter estimation under scintillation, while the proposed approach has its
advantage, i.e., the jitter estimated by the proposed approach better reflects the actual
tracking performance under scintillation (Guo et al. 2020b).

(5) The probability density distribution of the phase tracking errors in the PLL was
analysed by exploiting the scintillation data collected and processed by the SDR
receiver. It was concluded that moderate and strong scintillation can cause the
distribution of the phase tracking errors to deviate from the standard Gaussian
distribution (Guo et al. 2020b). Additionally, using the proposed PDF, the distribution
of the tracking errors under different levels of scintillation was successfully described
(Guo et al. 2020b).

(6) The 1-second amplitude and phase scintillation indices proposed in this study showed
more effectiveness in describing the signal fluctuations under scintillation, compared

with the widely used 1-minute scintillation indices. To compare the performance of the
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phase and code jitter weighting approaches in mitigating scintillation effects on
positioning errors by respectively exploiting the 1-minute scintillation indices output
by ISMRs and the newly proposed 1-second scintillation indices, the positioning
accuracy and precision were calculated by performing kinematic PPP with three
different weighting strategies, i.e., elevation based, 1-minute and 1-second phase and
code jitter weighting strategies. Results showed that both the 1-minute and 1-second
jitter weighting strategies help to improve the positioning accuracy and precision under
scintillation. However, the latter performed even better under strong scintillation (Guo
et al. 2021).

(7) The concept of the phase and code jitter maps (Sreeja et al. 2011) was exploited, which
enables the estimation of the line of sight jitter values to the corresponding signals
passing through the maps arriving at generic receivers. The positioning errors at four
stations equipped with ISMRs and six stations equipped with generic receivers were
calculated under scintillation during the September 2017 geomagnetic storm. To
mitigate the positioning errors, the 1-second phase and code jitter weighting strategy
was implemented, where the jitter values were retrieved from the generated jitter maps.
Results showed that the positioning errors for ISMRs and the generic receivers can be
reduced, respectively, by up to 56% and 50% when using the 1-second jitter weighting
strategy, compared with using an elevation based weighting strategy, thus suggesting
that the jitter maps generated in this thesis can help to improve the positioning accuracy
under scintillation.

7.2 Future work
The relevant recommendations suggested for future work are given as follows:
(1) In the analysis of the PLL bandwidth tuning effects on the phase jitter under

scintillation, it was found that increasing the PLL bandwidth has opposite effects on the
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thermal noise component and the phase scintillation induced phase jitter. As a result,
an optimal or adaptive bandwidth can be investigated in future work aiming to decrease
the total phase jitter and maximize the receiver performance in the presence of
scintillation.

(2) A custom-defined PDF was proposed which successfully described the distribution of
the PLL tracking errors under scintillation. In this thesis, the parameters of the PDF
were solved through a nonlinear least-square formulation and an iterative approach
integrated in a MATLAB curve fitting tool. A further study can be conducted to model
the relationship between the scintillation indices and the parameters in the proposed
PDF, which will make it possible to directly determine the PDF of the PLL tracking
errors under scintillation using the measured scintillation indices.

(3) With the help of the newly proposed 1-second scintillation indices and the phase and
code jitter maps generated in this study, the GNSS positioning errors caused by
scintillation can be greatly mitigated by using the phase and code jitter weighting
strategy. However, it was found that under extreme levels of scintillation, the
positioning accuracy achieved with the mitigation approach still falls short of what can
be achieved in a non-scintillation environment, indicating that there is still room to
further improve the positioning accuracy under scintillation by exploring alternative
scintillation mitigation approaches.

(4) The phase and code jitter maps generated in this study were successfully used for the
mitigation of the positioning errors under scintillation. It was also found that the
achieved improvements in the positioning accuracy was only around 20% at some
stations equipped with generic geodetic receivers. This may be caused by the extra
errors in the phase and code jitter induced by the mapping function and the interpolation

technique used in the construction of the phase and code jitter maps, or the difference
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in the tracking loop configurations between the generic receivers and ISMRs, as
described in Section 6.4.3. Therefore, future work can be carried out to investigate the

reasons and the potential methods to improve the performance of the phase and code

jitter maps in scintillation mitigation.
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