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Abstract
The performance of a radio occultation GPS receiver carrier tracking loop, subjected to
ionospheric scintillations, is studied in this thesis. A physics-based simulation of high-latitude
ionospheric disturbances for radio occultation signals has been employed to generate a variety of
test cases to assess receiver performance. This scintillation simulator is built on an existing tool
and is novel in allowing simulation of high-latitude ionospheric perturbations on multiple
frequencies for radio occultation signals. Further, an experimental simulation method is
developed which extracts scintillation-induced perturbations directly from real observations and
applies them to a nominal GPS signal. Simulation results are validated against scintillation
perturbations extracted from real radio occultation signals collected during solar maximum. The
simulation approach is found to closely represent the real effects of scintillation.
Scintillated signals are analyzed for effectiveness of detrending methods and selection of cutoff
frequency for filtering scintillation data and capturing scintillation information. It is determined
through spectral analysis that a higher cutoff frequency is required for filtering high-latitude
scintillation signals. Also, scintillation measurements are dependent on the method applied for
detrending. According to the studies conducted in this thesis, receiver tracking performance
depends on both scintillation levels and the receiver mode (tracking versus acquisition). The
receiver can track strong scintillation signals provided sufficient time to acquire signals prescintillations. Signal acquisition and tracking during scintillations, however, is challenging and
might fail for severe scintillation conditions. Also, it is found that the presence of amplitude
scintillation alone does not cause significant carrier performance degradation unless it is severe
enough to reduce signal power below tracking threshold level leading to loss of lock. Strong
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phase scintillations, on the other hand, result in noticeable tracking loop performance
degradation and measurement errors.
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Chapter One: INTRODUCTION

Global navigation satellite systems (GNSS) have been a revolution in global positioning and
navigation and are being used in many applications such as surveying and mapping, navigation,
transportation (air, road, marine), emergency and location based services, weather forecast, etc.
Radio Occultation (RO) is a remote sensing technique that exploits GNSS observations received
by space-borne receivers for retrieving properties of the atmosphere. This technique relies on the
detection of the change in a wave’s velocity and direction of propagation due to the atmospheric
content. Similar to other GNSS applications, RO measurements are sensitive to the system and
environmental errors. One of these error sources is ionospheric scintillations which can affect the
accuracy and availability of RO signals.

1.1 History of Satellite Systems
This section provides a brief overview of currently operational and partially deployed GNSSs for
navigation applications. The concept of RO technique is summarized and ionospheric
scintillation and its effects on radio signals are briefly described.
1.1.1 Global Navigation Satellite Systems

GNSSs are pioneered by the United States global positioning system (GPS) which is a satellite
based radio navigation system that was launched by the United States in the 1970s. The system
originally used 24 satellites; as of February 2016, there are 32 satellites in six orbital planes in
GPS constellation, 31 of which are in use. The Russian global navigation satellite system
(GLONASS) is another fully operational system. Beside full independent satellite based
1

navigation services, GPS and GLONASS are also used together to improve the accuracy and
availability of positioning, time estimation and navigation solutions. Several other systems are
currently partially or regionally operating such as, European Galileo, the Indian Regional
Navigation Satellite System (IRNSS), Japanese Quasi-Zenith Satellite System (QZSS), and the
Chinese Beidou system. GNSSs typically broadcast in the ultra-high frequency (UHF) range as
defined by the International Telecommunications Union (ITU) or L-band as defined by institute
of Electrical and Electronics Engineers (IEEE).

For the purpose of improved error modeling, satellite-based augmentation systems (SBAS) use
geostationary satellites to send regional correction data. The Wide Area Augmentation System
(WAAS) in North America, the European Geostationary Navigation Overlay Service (EGNOS)
in Europe, the Multi-functional Satellite Augmentation System (MSAS) In Japan, and the GPS
Aided Geo Augmented Navigation (GAGAN) system in India provide this type of service.

1.1.2 Radio Occultation
Radio Occultation (RO) is a technique which uses radio signals for remote sensing of the Earth’s
atmosphere and was suggested in the 1960s. It was shown in Fjeldbo et al. [1971] that during
RO, the atmosphere induces an extra phase delay (excess Doppler) on the radio signals. The
Abel inversion technique was introduced to convert the excess Doppler to atmospheric bending
and then the refractivity profile.
Along with GNSS evolution in 1980s it was proposed to exploit GNSS RO technique for
atmosphere sounding [e.g. Yunck et al., 1988]. Since then RO has been used extensively to
2

determine the index of refraction of the Earth’s atmosphere. A GNSS receiver, located onboard a
Low-Earth Orbiter (LEO) satellite, receives GNSS signals that have propagated through the
Earth’s atmosphere. The concept of RO is shown in Figure 1.1.

Figure 1.1. Geometry of a RO event, where α is the bending angle.

The first GNSS RO mission was a GPS Meteorological Experiment (GPS/MET) which was
launched in 1995 and collected over a hundred RO event per day until 1997. Initial published
results showed that precise vertical atmospheric profiling could be achieved at different altitudes
(e.g. Ware et al. [1996]). Following the successful experience of GPS/MET mission, several GPS
RO receivers were launched onboard LEO satellites such as the German Challenging MiniSatellite Payload (CHAMP), Argentinian Satellite de Aplicacionas Scientificas-C (SAC-C) in
2000 and constellation observing system for meteorology, ionosphere, and climate (COSMIC) in
2006. COSMIC is a constellation of six RO satellites with a newer generation of GPS RO
receivers that offer open-loop tracking capability for sounding the lower moist atmosphere where
closed-loop receivers from previous missions failed. COSMIC II mission is planned to be
launched with 12 LEO satellites which will be located on low-inclination and high-inclination
orbits for global coverage. Next generation of RO receivers with capability to track all GNSS
3

constellations (i.e. GPS. GLONASS, Galileo) at the same time, will significantly increase the
accuracy and applicability of atmospheric sounding [Jin et al., 2014; Acikoz, 2011].
1.2 Scintillation

The accuracy and reliability of GNSSs are a function of both system and environmental factors.
System factors include satellite clock errors, ephemeris information, hardware quality, satellite
geometry effects, and thermal noise effects. Environmental factors are associated with signal
propagation and include electromagnetic interference from external sources, ionospheric and
tropospheric effects, obstruction and multipath. Depending on the circumstances and application,
the disturbed ionosphere and its effect on GNSS signals, i.e. ionospheric scintillation, can be the
most significant environmental factor [Knight et al., 1998].

Small-scale irregularities in the electron density of the ionosphere can refract and diffract radio
waves and cause random and rapid fluctuations in the phase and amplitude of trans-ionospheric
radio signals. Ionospheric disturbances are dependent on temporal, seasonal, geographic and
solar cycle factors. The most severe conditions at Earth’s equatorial latitudes have been observed
during evening hours in the months of equinox, and at high latitudes during the years of solar
maximum [Knight et al., 1998].

Scintillations affect GNSS signals at the acquisition and tracking levels by inducing deep
amplitude fades and high dynamics of phase change, called amplitude and phase scintillation,
respectively. Increased tracking errors induced by ionospheric scintillation result in increased
range measurement dynamics and under extreme conditions can lead to complete loss of signal
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lock. Other effects include errors induced to GNSS navigation data and increase in the signal
acquisition time when a receiver acquires a new satellite during a scintillation event. As
scintillations occur due to random structures in the ionosphere, it is very unlikely that they affect
all the visible satellites for a given receiver at the same time. Therefore, they typically impact the
navigation accuracy through degradation in geometry of the available constellation [Knight,
2000]. However, in space applications such as radio occultation, scintillation can also affect
system continuity and availability. RO signals propagate a longer distance through the
ionosphere and are prone to be affected by multiple small-scale irregularities. RO observations
require a special geometry between one GNSS satellite and LEO satellite. Each event covers a
different region of the Earth’s atmosphere. Hence, accurate and continuous observations are
required from every individual RO signal. Consequently, the intensity of scintillation activities
contributes to both availability and accuracy of final RO measurements.

1.3 Motivation and Objectives

GNSSs have found an inevitable role in military and civilian applications on all space, air,
marine, and terrestrial platforms. Along with positioning and navigation operations, GNSS RO
missions have an essential function in precise orbit detection, atmosphere/ionosphere sounding,
weather prediction, reflectometry over ocean/ice, etc. Determining the accuracy, reliability, and
availability of these systems and predicting their performance under variety of conditions is of
great importance.

As one of the most important environmental factors, the disturbed ionosphere and associated
ionospheric scintillation can significantly affect the performance of the GNSS receivers through
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inducing random variations to the phase and intensity of the received signals. Over the past
several decades, the physics of ionospheric scintillation and its effects on GPS applications have
been widely studied for equatorial regions and to a lesser extent for high latitudes. Still,
predicting the behavior of a GNSS receiver, specifically a space-borne receiver, under different
ionospheric scintillation conditions is a necessary task. This problem arises due to the following
reasons:

-

The dependence of high-latitude ionospheric activities on the 11-year solar cycle, random
nature of scintillations, and the difference in the physics of the high-latitude versus
equatorial scintillation, make it difficult to develop a standard model to be applicable for
variety of locations and time.

-

Fast technology development of GNSS receiver requires research to extend the current
models and knowledge to new types of receivers.

The principal objective of this research is to develop tools to investigate the impact of highlatitude ionospheric scintillations on the performance of generic space-borne GPS receivers.

To accomplish the objectives, the following tasks are completed:

1. Implement a physics-based model that characterizes high-latitude ionospheric scintillation
effects on RO signals based on existing theory.
2. Develop a scintillation simulator using the method in Task 1.
3. Develop a second RO scintillation simulation method based on empirically derived
perturbations.
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4. Determine the effects of detrending methods on scintillation analysis.
5. Determine the effects of intensity and phase scintillation on RO signals.

Tasks 1-3 focus on novel simulation tool development and validation, while Tasks 4-5
implement the simulation capabilities to inform receiver designs and algorithms.

1.4 Thesis Outline and Methodology
This thesis is structured as follows. Chapter two provides background for the models and
algorithms used in this research.
Chapter three provides the general theory of scintillation. Electromagnetic wave propagation in
homogeneous and weakly-inhomogeneous media, scattering and propagation theories, statistical
characteristics of scintillations, and wave oblique propagation in anisotropic media are covered.
Then, the physics-based phase screen model used for developing the scintillation simulator is
described in detail.
Simulation setup for the generation of scintillated GPS signals using the simulator introduced in
Chapter three is described in Chapter four. In addition, an experimental method to simulate
scintillation for GPS RO signals is introduced based on real scintillation induced perturbations.
The scintillation simulator is validated and analyzed against results from experimental data.
The results from processing scintillation data is provided in Chapter five. Methods for removing
non-scintillation effects from raw observations are described and their effects on scintillation
measurements are analyzed. Then, the RO receiver performance during a variety of scintillation
test cases is investigated. Finally, scintillation observations from auroral monitoring stations are
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used for evaluation of a simple GPS software receiver. Receiver configuration for a minimum
tracking loop error is analyzed.
This thesis concludes with Chapter six, which includes discussion, conclusion, and
recommendations for future research. The flowchart in Figure 1.2 provides an overview of the
methodology implemented in Chapters four and five to accomplish the aforementioned tasks.
Mathematical derivations and additional analysis are provided in Appendices.

Scintillation
simulation

Empirically derived
scintillation
perturbations

Complex
modulation

Thermal noise &
dynamics

GPS L1 & L2 signal
simulation

Dual frequency
software receiver

SIMULATION
RESULTS

GPS L1 & L2 signal
simulation

Dual frequency
software receiver

Comparison

EMPIRICAL RESULTS

Figure 1.2. Simulation methodology flowchart.
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1.5 Contributions
The work accomplished in this thesis is published in four research papers as below:

-

Najmafshar, M. and S. Skone (2016), “Assessing Ionospheric Scintillation Effects for
Future GNSS Radio Occultation Missions”, ION GNSS+ 2016, Sep. 12-16, 2016,
Portland, OR; peer-reviewed conference.

-

Najmafshar, M., S. Skone, F. Ghafoori (2015), “Characterizing Ionospheric Scintillation
for Future GNSS Radio Occultation Missions”, ION GNSS+ 2015, Sep 14-18, 2015,
Tampa, FL; peer-reviewed conference.

-

Najmafshar, M., S. Skone, F. Ghafoori (2014), “GNSS Data Processing Investigations for
Characterizing Ionospheric Scintillation”, ION GNSS+ 2014, Sep 8-12, 2014, Tampa,
FL.

-

Najmafshar, M., F. Ghafoori, S. Skone(2013), “Robust Receiver Design for Equatorial
Regions During Solar Maximum”, ION GNSS+ 2013, Sep 16-20, 2013, Nashville, TN.
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Chapter Two: BACKGROUND
This chapter provides the background material for the work developed in this thesis. For the sake
of brevity, only an introduction to the theories and signals, as applied in this work, are presented
and interested readers are referred to detailed references. An overview of GNSS with a focus on
GPS civilian signals is provided, followed by description of ionospheric scintillation and its
effects on GPS signals. This chapter concludes with theory of radio occultation (RO) and
specific effects of scintillation on space-borne RO receivers.
2.1 Global Navigation Satellite Systems
Global navigation satellite systems (GNSS), pioneered by United States GPS, are space-based
radio navigation systems consisting of space, control and user segments. The space segment is
formed by a constellation of orbiting satellites that transmit radio signals towards Earth. Ground
control stations monitor these satellites and their signals. The user segment receives these signals
with a GNSS receiver capable of computing navigation and timing solutions [Misra and Enge
2011].
2.1.1 Signal Structure
The focus of this section is on GPS signals. The GPS satellites transmit navigation information
on three civilian L-band signals: the L1 signal centered at 1575.42 MHz, the L2 signal centered
at 1227.60 MHz, and the L5 signal centered at 1176.45 MHz. The GPS L1 signal is modulated
by the navigation data and consists of one civilian signal with Coarse Acquisition spreading code
(C/A code) and one restricted signal with precision code (P(Y) code). The L2 signal consists of
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one civilian signal (L2C code) and one restricted signal (P(Y) code). L5 is designed for safetyof-life applications and has an improved signal structure with higher transmission power than L1
and L2 [Misra and Enge 2011].
In general, after down conversion to intermediate frequency (IF), the received signal from
satellite i can be expressed as

( )

where

√

(

) (

(

is the power of the signal from satellite ,

transmission delay from satellite to receiver,
satellite,

)

is the IF frequency,

(

)

)

( )

( ) is the navigation data sequence,

(2.1)

is the

( ) is the spreading code assigned to the specific

is the deviation from the nominal signal frequency due to

Doppler (caused by relative motion of satellite-receiver and receiver clock drift) and atmospheric
effects,

is the phase of the signal and ( ) represents additive white Gaussian noise [Van

Dierendonck, 1996].
The navigation data is a binary-coded message (*

+) that carries information required to

compute a navigation solution from the received signal. Its format and contents differ for
different GNSS constellations. GPS navigation data is transmitted at a rate of 50 Hz (20 ms
period) [Misra and Enge 2011].
The spreading codes for each GPS satellite are unique and have near-zero correlation with each
other. At the receiver, the code division multiple access (CDMA) technique is used to detect
each satellite signal. The receiver replicates the spreading code and carrier wave for each satellite
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using code and carrier generators. The incoming signal is correlated with the locally generated
signal, as a result of which the unwanted signals create zero cross-correlation values and are
removed [Ward, 1996]. The spread spectrum codes are referred to as pseudorandom noise (PRN)
because of their noise-like characteristics.
PRN sequence of L1 C/A signal is 1023 chips long with 1.023 MHz clock rate, making the code
period 1 ms. This PRN code

( ) is modulated on the navigation message

( ); therefore, each

data bit includes 20 synchronized repetitions of the PRN code. L2C signal consists of two codes:
civilian-moderate (CM) and civilian-long (CL) codes. Both codes are clocked at 511.5 kHz,
making the code periods 20 ms for CM and 1.5 s for CL. Since CM and CL codes share a single
carrier, they are time-multiplexed on transmission and the effective chipping rate becomes 1.023
MHz. L5 has the same code length as L2CM with a wide bandwidth (10.23 MHz chipping rate)
that enables precise ranging and robustness against narrowband interference. Table 2.1 compares
characteristics of three civil signals [Fontana et. al., 2001]. Modernized signals use data-less
channels (pilot). The power of the signal is divided between pilot and data channels which
appear as 3 dB less power for each channel, however, pilot channel can be considered as
additional observation for parameters to be estimated (i.e. Doppler shift and code delay).
The introduction of modernized civilian signals (L2 and L5) results in a number of advantages in
robustness of receiver tracking and data demodulation. Nevertheless, the GPS L1 C/A is widely
used in low cost single frequency receivers and is likely to continue, probably in a slightly
modified format [Stansell et al., 2015].
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Table 2.1. GPS civil signals characteristics [Fontana et. al., 2001].
Civil
signal

Carrier frequency
(MHz)

Code length
(Chips)

Chipping rate
(MHz)

Pilot
Signal

L1

1575.42

1,023

1.023

No

L2C

1227.60

1.023

Yes

L5

1176.45

10.23

Yes

CM
CL

10,230
767,250
10,230

2.1.2 Signal Propagation and Effects
Power constraints of GNSS signals are set by the international telecommunication union (ITU).
These signals are subject to free-space propagation loss on the transmission channel from the
satellite to the user. The expected power level from a satellite at elevation angle of approximately
40 degrees for three GPS signals is summarized in Table 2.2. For comparison, the received L2C
and L5 power levels are shown relative to L1 C/A [Fontana et. al., 2001].
Table 2.2. GPS civil signals minimum power levels [Fontana et. al., 2001].
Civil
signal

Minimum received power
(dBW)

Relative total power
(dB)

L1

-157.7

0.0

L2C

-160.0

-2.3

L5

-154.0

+3.7

The signals propagate at the speed of light and experience time variant delays due to the
ionosphere and troposphere properties. They are also exposed to temporal and spatial
fluctuations that can result in slow or fast power fading or random phase dynamics. The line-ofsight (LOS) signal can be attenuated by objects causing shadowing and partial blockage [Spilker
Jr., 1996a], as well as reflection from surfaces, resulting in multipath effects [Spilker Jr., 1996b].
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The Earth’s ionosphere is the main contributor to the GNSS range errors and can also degrade
signal quality, i.e. scintillation [Sreeja et al., 2012]. More details about effects of scintillation on
receiver performance are provided in Section 2.3.
2.1.3 Signal Acquisition and Tracking Overview
The two unknowns in Equation (2.1), i.e. frequency (Doppler shift) and time (code delay),
should be estimated by the receiver. The receiver generates replica signals with the search
parameters of frequency and delay. Typically, numerically controlled oscillators (NCO) are used
to generate code and carrier components of the replica signal. Correct estimation of these
parameters results in a correlation peak of the received signal and the replica in the respective
frequency and time bin [Van Dierendonck, 1996; Kaplan and Hegarty, 2006].
2.1.3.1 Signal Acquisition
For acquisition of the signal, first an estimation of the noise floor is set to the signal detector
thresholds. Then, an initial search window for code and carrier is created and the correlation
peak in the defined bins searched. Based on success or failure in finding the correlation peak, the
receiver detects the signal or initiates a new search. The sensitivity of the acquisition process
depends on the integration time which typically varies from 1 to 100 ms and under certain
conditions can exceed 100 s [Gowdayyanadoddi, 2015]. When there is no valid almanac data or
reasonable estimate of the receiver position, the receiver performs a cold start, in which it
searches for all possible PRNs and Doppler/code delay pairs. Otherwise, the receiver performs a
warm start based on a valid almanac data, its last position (within a few hundred kilometers), and
current time (within a few minutes) [Misra and Enge 2011].
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2.1.3.2 Signal Tracking
Once a signal is acquired, its code and carrier are tracked by code, frequency and phase tracking
loops [Van Dierendonck, 1996; Kaplan and Hegarty, 2006]. Generally, delay lock loop (DLL),
frequency lock loop (FLL), and phase lock loop (PLL) are employed, unless vector tracking
technique is deployed which tracks the signal in a combined approach [Spilker Jr., 1996c].
The DLL refines the initial estimate of code phase error and tracks its variation. To accomplish
this, the DLL generates a replica code and keeps it aligned with the received code by using a
feedback control system. Figure 2.1 illustrates a simple implementation of such feedback control
system in the tracking loops. In this figure, ( ) and ̂ ( ) denote the Laplace transform of the
( ) represents the effect of thermal noise. The

input and replica code delay, respectively, and

difference between the incoming code delay and code replica is the error signal ( ). Based on
this error signal, the loop filter

( ) generates its commands

( ). The code generator

( )

shifts the replica code to earlier or later in time based on these commands [Ghafoori, 2011].
The PLL loop refines the coarse estimate of the Doppler error

and phase error

and tracks

their changes. To accomplish this, the PLL generates a sinusoidal carrier and adjusts the
frequency and phase of the replica sinusoid. The PLL uses a feedback control system as shown
in Figure 2.1.

( ) and

( ) in this figure denote the Laplace transform of the input carrier

phase and Doppler frequency, respectively, and ̂ ( ) and ̂ ( ) denote the Laplace transform of
the replica carrier phase and replica Doppler frequency. The carrier generator is known as
numerically controlled oscillator (NCO) [Ghafoori, 2012].
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N(s)

𝑇(𝑠)
Φ(𝑠) 𝐹𝐷 (𝑠)

H(s)

Δ(s)

∑

C(s)

Loop filter
F(s)

Code/ carrier
generator G(s)

𝑇̂ (𝑠)
̂ (𝑠) 𝐹̂𝐷 (𝑠)
Φ

Unity feedback

Figure 2.1. Block diagram of the feedback control system employed by the GPS receiver tracking
loops.

PLLs attempt to replicate the exact frequency of the incoming signal, while FLLs perform the
approximate frequency replication. The FLL is insensitive to 180º reversals in the in-phase , and
quadrature

signals. Therefore, usually after acquisition of the signal, when the data bit

transitions are unknown for the receiver, it is usually easier to maintain frequency lock than
phase lock. After detection of bit transitions the receiver can shift to PLL and eventually tight
PLL with higher pre-detection integration times. Figure 2.2 illustrates the block diagram of a
state-of-the-art GPS receiver with such hierarchical tracking scheme. In this example the
difference between PLL/DLL1, PLL/DLL2, and tight PLL/DLL trackers is DLL loop filter
bandwidth (descending) and integration time (ascending).
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Incoming
signal
Tracking
Antenna

Amplification
Band-pass filtering
Down conversion

Analog to digital
converter (ADC)

Pull-in FLL /DLL

FLL/DLL
FLL assisted PLL/
DLL
PLL/DLL1

PLL/DLL2

Acquisition:
fD, Δt

Tight PLL/DLL
Bit sync

Data demodulation
Estimations (position,
velocity, time)

Figure 2.2. Block diagram of a state-of-the-art GPS receiver.

2.1.3.3 Assisted Tracking
Most dual-frequency receivers acquire and track L1 C/A and L2C signals independently. Under
various challenging conditions the GPS receiver may fail to track L2C, which can be due to two
reasons: 1) L2C has a lower power (3 dB) compared to L1 and therefore its carrier to noise
(C/N0) drops below the acquisition threshold more frequently, and 2) L2C signal has a lower
carrier frequency and thus it is more vulnerable to scintillation effects. One option to improve
receiver performance in acquiring and tracking L2C signal is to use L1 signal information. This
is called L1-assisted L2C tracking algorithm. Since GPS L2C code is synchronized with L1C/A
code and its codes periods are multiplies of C/A code period, there all the three codes have the
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same phase at some time epochs. For this, acquisition of L1 can assist acquisition of L2C. In
addition, L2C Doppler shift is proportional to that of L1 as [Ghafoori et al, 2014]

(2.2)

Equation (2.2) is only precise when ionospheric effects are negligible. Using the estimated
Doppler shift from L1 C/A tracking loop can be given as feedback information to L2C tracking
loop for aiding, as shown in Figure 2.3. This aiding method allows a narrow loop equivalent
bandwidth for L2C loop filter, which further decreases the impact of thermal noise.

Integration & dump

L1 Carrier

Discriminator

Loop filter

NCO

L1/L2

NCO

Loop filter

Discriminator

L2 Carrier

Integration & dump

Figure 2.3. GNSS receiver L1-assisted L2C tracking loop.

From signal information derived in the tracking loop, measurements can be generated.
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2.1.4 GNSS Measurements
GNSS measurements are used to estimate position, velocity and clock parameters. Three types of
measurements are generated in the GNSS receivers which are listed below [Axelrad and Brown,
1996].

-

Pseudorange, calculated mutually from the navigation data, frame and bit synchronization
and code phase.

-

Doppler frequency, generated by carrier NCO and finely tuned in the carrier tracking
loop.

-

Accumulated delta range (ADR), calculated from the carrier phase measurements of the
tracked signal in the phase locked mode and mainly used in kinematic differential
operation.

2.2 Ionospheric Scintillation
Scintillations refer to high frequency random variations in the amplitude and phase of the
received wave field resulting from electron density irregularities in the ionosphere [Conker et al.,
2003]. Because of the association between scintillations and physical processes that cause
ionospheric irregularities, this section first describes these processes and follows with the
morphology of the scintillations. Mathematical models of scintillation activities are provided in
subsequent subsections.
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2.2.1 The Ionosphere
The ionosphere is a region in of the Earth’s upper atmosphere containing free electrons and
electrically charged particles which have a noticeable effect on the propagation of radio signals.
The combination of negatively and positively charged particles and neutral gas atoms is referred
to as plasma [Vollath, 2007]. The ionosphere is then a weakly ionized plasma. The lower and
upper boundaries of the ionosphere can be considered around 50 km to 1000 km altitude [Misra
and Enge, 2011].
The ionosphere is formed by the ionizing effects of solar X-ray and ultraviolet (UV) radiations.
At these wavelengths (i.e. 0.01 to 400 nm), solar radiation is extremely energetic and capable of
ionizing neutral gas atoms [Misra and Enge, 2011]. As solar radiation penetrates the atmosphere
its intensity decreases due to absorption effects, and plasma density increases. Hence, several
ionization layers are formed, namely D, E, F1, and F2 as shown in Figure 2.4. The F2 layer
undergoes large diurnal variations. The other three layers are tied to UV radiation and disappear
or become weaker during nighttime [Klobuchar, 1996].
The peak density of F-layer show both diurnal and annual fluctuations. At equatorial regions, the
day-time peak electron density occurs at around 14:00 hrs local time at a height of approximately
350 km. During evening hours, the peak density is lower and occurs at higher altitudes
[Klobuchar, 1996]. Electron concentration and peak height of F2-layer depend also on solar
cycle, the sun’s 11-year activity cycle. During the period of high solar activity (solar maximum)
the F2 electron density increase and its height rises by tens of kilometers.
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Day
Height (km)

Night

Electron density (e/m3)

Figure 2.4. Ionospheric electron density profile [modified after Knight, 2000].

This research is mainly focused on the behavior of E and F layers as radio occultation signals are
mainly refracted and perturbed at these regions.
2.2.2 Morphology of Scintillations
Equatorial band that extends from about 20°S to 20°N of the magnetic equator, and the auroral
and polar cap regions, are the areas highly prone to scintillation effects (see Figure 2.5). The
processes that cause F-region irregularity patches are different in these two regions, leading to
significant differences in the characteristics of the resulting scintillations [Aarons, 1982].
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Figure 2.5. World map of the approximate regions prone to ionospheric scintillation effects.

2.2.2.1 Equatorial Scintillations
At equatorial regions, the northward Earth’s magnetic field
an upward

and eastward electric field

form

plasma drift around sunset which shifts the F2-layer up to the altitudes of 500-

600 km. Then the plasma stars to move downward along the magnetic field lines due to effect of
pressure gradient from upper layers, and gravity, creating regions with enhanced electron density
at approximately 15-20 degrees either side of the geometric equator. These enhanced regions are
called equatorial anomaly. This process is illustrated in Figure 2.6. Equatorial anomaly is
responsible for the formation of the plasma density irregularities that lead to scintillations [Fejer
et al., 1999; de Resende et al., 2007].
As the F-region plasma moves to higher altitudes, the density gradient between the top and
bottom side of this region increases which, in turn, results in the formation of plasma density
depletion areas (plasma bubbles) in the lower F-region. When a bubble starts to grow, or move
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upward, large electron density gradients on the bubble edges produce smaller irregularities.
These small irregular regions with a size of the order of the first Fresnel zone1 radius or less can
cause strong scintillations of intensity and phase of GPS signals [Alfonsi et al., 2010]. Around
local midnight, the electric field starts turning westward and, thus, the plasma gradually moves to
lower altitudes and the irregularities begin to fade.

ExB

e-

eB

20 N

Magnetic
equator

E
20 S

Figure 2.6. Equatorial anomaly illustration. E and B refer to electric and magnetic field vectors,
respectively.

2.2.2.2 High-Latitude Scintillations
The physics of the high-latitude irregularity patches are different from those at equatorial
regions. High-latitude scintillations are mostly the results of solar winds and also geomagnetic
storms that are created from interactions between solar coronal mass ejections (CME) and the
Earth’s magnetosphere. With occurrence of a major CME, solar plasma streams are ejected into
space which transport the sun’s interplanetary magnetic field (IMF) to Earth. IMF interacts with

1

Fresnel zones are used by propagation theory to calculate reflections and diffraction loss between a transmitter
and receiver. Fresnel zone radius describes the reflected signal path in relation to overall radio path length.
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the Earth’s day-side magnetic field lines as shown in Figure 2.7. Interaction of the IMF and
terrestrial magnetic lines can result in some energetic particles entering the Earth’s
magnetosphere. The leak in energy depends on the orientation of IMF. If the orientation is
parallel to the Earth’s magnetic field line (i.e. south-north orientation), then a very small fraction
of solar energetic particles will enter; this is a closed magnetosphere configuration. If the IMF is
anti-parallel (i.e. north-south orientation), the Earth’s magnetic lines are broken through
reconnection and therefore open to solar energetic particles; this is an open magnetosphere
configuration. The mechanism of solar particles entering the Earth’s magnetosphere occurs in
two different ways: (i) through open magnetic field lines at the poles, with energetic particles
directly entering the Earth’s atmosphere, and (ii) through energetic particles entering the nightside magnetotail at neutral points.

Figure 2.7. Solar-terrestrial interaction with Earth’s atmosphere.
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The auroral oval on the night side is threaded by closed magnetic lines (field lines with both ends
attached to Earth) mapped to the magnetotail. Electrons in the magnetotail are accelerated
towards the Earth and eventually diverted along the terrestrial magnetic field lines to the highlatitude night-side ionosphere - causing aurora. Corresponding irregularities in electron density
develop in the E-region (110 km altitude) with scale sizes 1-2 km [Skone et al., 2009]. The
aurora is distributed globally in an oval pattern (referred to as auroral oval - Figure 2.8). This
oval is centered approximately over the geomagnetic pole, and expands equatorward at
geomagnetic midnight [Feldstein, 1963].
Higher polar latitudes are characterized by open magnetic files lines (one end attached to Earth)
which allow direct flow of solar plasma into the ionosphere. At polar latitudes, F-region
structures of 10-100 km scale size occur due to the gradient drift instability (GDI) mechanism
[Mitchell et al., 2005; de Francheschi et al., 2008]. This instability occurs during periods of
southward (negative) IMF, which enhances the region of open terrestrial magnetic field lines
along which energetic particle diffuse into the Earth’s high latitude ionosphere and cause polar
patches. The flows of energetic particle at open and closed magnetic lines are shown with gray
arrows in Figure 2.7. The consequences of open magnetic lines are polar patches at locations
indicated with the red circle. Aurora occurring on closed magnetic field lines is shown in orange
for the night sector.
Unlike equatorial scintillations, auroral and polar cap scintillations show little predictable diurnal
variation. Their occurrences are controlled by solar winds and solar cycle.
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Figure 2.8. Image of auroral oval [NASA]; polar and auroral regions.

2.2.3 Statistical Characteristics of Scintillations
Measurements of the probability density functions (PDF) of scintillations have shown that
Nakagami-m distribution for intensity scintillation and Gaussian distribution for phase
scintillation provide the best fit based on the results of chi-square tests on a large set of real
scintillation data [e.g. Humphreys et al., 2009].
Assuming

as signal amplitude and

as signal intensity, the Nakagami-m PDF of

scintillated signal intensity is defined as

( )

⁄〈 〉

( )〈 〉

where ( ) is the Gamma function, 〈 〉 denotes average value and

(2.3)

is a parameter representing

the strength of the scintillation activity. The intensity scintillation is measured by intensity
scintillation index,

, which is the normalized root mean square (RMS) intensity given by
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〈 〉 〈 〉
√
〈 〉

where

is linked to

⁄

by

(2.4)

. The averaging intervals are usually 60 seconds for ground

and 1 second for occultation observations.
Phase scintillation,

, follows a zero-mean Gaussian PDF and therefore is completely defined

by its variance called phase scintillation index,

(

)

, such that

(

√

√〈

⁄

)

〉

(2.5)

(2.6)

Probability density functions are used in Chapter five to develop a simple simulation solution for
intensity and phase scintillations.
2.3 Scintillation Effects on GNSS
GNSS receivers can suffer from cycle slips and/or phase lock loss in severe scintillation
conditions, particularly for the L2 signal that has lower signal power and frequency
[Strangeways, 2009]. Cycle slip refers to a sudden discontinuity in the GPS carrier phase
observable caused by a temporary signal loss. Cycle slips are possible to occur in a GPS receiver
when tracking is interrupted by [Kim and Langley, 2002; El-Rabbany, 2002]
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-

Satellite signal blockage by physical obstacles (trees, buildings, etc.)

-

Weak received signal due to satellite-receiver dynamics, severe ionospheric conditions,
radio interference, etc.

-

Failure in the receiver’s software signal processing algorithms.

Loss of signal lock occurs when signal strength drops below the threshold of the tracking loop or
phase changes (Doppler shift) exceed the phase lock loop bandwidth. The effects of ionospheric
scintillation on GNSS signals and receiver performance are overviewed in this section.
2.3.1 Scintillation Effects on GNSS Signals
2.2.1.1 Amplitude Fading and Phase Dynamics
High frequency fluctuations due to ionospheric scintillations can result in signal amplitude
fading and phase dynamics. Figure 2.9 shows an example of the C/N0 (signal amplitude) fading
and phase fluctuations for GPS L1 C/A signal as a result of equatorial scintillation. These data
were collected during a severe scintillation event on October 25, 2012 in Rio de Janeiro Brazil.
For this data, after 30 minutes of quiet ionospheric conditions, a scintillation event occurs that
lasts for several minutes (about 90 minutes in this example). During this period the signal
experiences amplitude fading up to 20 dB and phase dynamics close to 0.5 cycles (

rad) for

continuous minutes.
Deep amplitude fades and high dynamics of phase changes, respectively referred to as amplitude
and phase scintillations, degrade the signal quality and can cause challenges in acquisition and
tracking capabilities of GNSS receivers. Amplitude scintillation, if severe, can cause the carrier28

to-noise ratio (C/N0) to drop below the receiver tracking threshold. When signal fading exceeds
the fade margin of the receiver, signal loss and cycle slips may occur and the receiver may be
forced to reacquire the signal. Phase scintillation induces rapid phase shifts in the phase of the
incoming signal, with phase dynamics exceeding the phase lock loop bandwidth [Sreeja et al.,
2011].

Quiet

Quiet

Figure 2.9. An example of scintillation effects on GPS signals: C/N0 (top panel) and high-pass
filtered phase (bottom panel) of L1 C/A signal during an equatorial scintillation event.

2.2.1.2 Decorrelation
Ionospheric irregularities are dispersive in nature; therefore, they cause different refraction
effects on different frequencies. This can lead to GNSS signal decorrelation during scintillation
conditions. By studying such correlations between GPS signals, information about
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characteristics, scale sizes of irregularities, and distributions can be inferred [Carrano et al.,
2012]. Potential exists to take advantage of this type of signal decorrelation to select best
receiver tracking strategies. Figure 2.10 shows correlation coefficients for scintillated GPS L1
C/A and L2C carrier phase and C/N0 as a function of the standard deviation of the L1 C/A
received signal power normalized to average signal power,
2.9. The term represents received signal power and

(

), for the data shown in Figure

is defined in Equation (2.4).

Figure 2.10. Correlation coefficients of L1 C/A and L2C carrier phase (left), and C/N0 (right); for
the data shown in Figure 2.9.

It can be observed from the left panel in Figure 2.10 that during weak scintillation periods
(

(

)

) the correlation between L1 C/A and L2C carrier phases is high; however,

correlation coefficients decrease for higher levels of scintillation. For very weak scintillation
(

(

)

), as seen from the right panel in Figure 2.10, intensity correlation coefficients are

dominated by noise [Carrano et al., 2012]. When these GPS signals are moderately scintillated
(

(

)

) correlations between L1 and L2C C/N0 are typically larger and then

decrease for higher values of

.
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Decorrelation of different frequency signals during severe scintillation conditions provides the
potential of tracking one signal when the other one is lost. Nevertheless, when signal
characteristics are decorrelated (due to strong scintillations), the performance of aiding
algorithms may degrade.
2.3.2 Scintillation Effects on GNSS Receiver
2.2.2.1 Tracking Error Variance
Scintillations increase tracking error variance (tracking jitter) at the output of the phase lock loop
(PLL). For GPS L1 C/A signal, assuming no correlation between amplitude and phase
scintillation, tracking jitter at the output of the PLL is modelled as follows [Conker et al., 2003].

(2.7)

where

,

,

, respectively, represent phase scintillation, thermal noise and the receiver

oscillator noise components of the tracking error variance.
radian [Conker et al., 2003].

is assumed to be equal to 0.1

is the variance of the signal phase after removing low-frequency

fluctuations2. Thermal noise tracking error for GPS L1 C/A signal in the presence of scintillation
is derived as [Conker et al., 2003]

2

Scintillations appear as high frequency dynamics in the phase of the signal. Therefore, to calculate phase
scintillation error variance low-frequency components should be removed first. This process is explained in detail in
Chapter four.
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[

where

( ⁄
⁄ (

)

)(
)

]
(

(2.8)

)

is the third-order PLL one-sided bandwidth (here equal to 15 Hz), and

is pre-

detection integration time (here equal to 0.02 s).
Following the model in Equation (2.7), tracking error variance at the output of the PLL is
calculated for about one hour of the data in Figure 2.9 and shown with respect to phase standard
deviation,
with all

, in Figure 2.11. To meet validity condition for Equation (2.8), a segment of data
values less than

has been selected. As was expected, higher tracking error appears

with stronger scintillation conditions.

Figure 2.11. L1 C/A tracking error variance at the output of PLL with respect to
hour of the data in Figure 2.9 with
is used to derive these errors.
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. About one

2.2.2.2 Loss of Lock
Tracking errors imposed in the presence of ionospheric scintillation can exceed receiver
threshold and result in signal loss of lock. In severe cases, the receiver may be unable to maintain
lock on at least four GNSS satellites and a temporary loss of positioning capabilities can occur.
The duration and frequency of such outages depend on the duration and severity of the
disturbances, the geometry of the satellites in view and the signal reacquisition time [Carrano et
al., 2005].
For the dataset shown in Figure 2.9 the receiver remains stable in tracking L1 C/A signal;
however, losses of lock on L2C signal occur for several minutes. These data were received from
a high elevation satellite (

). Scintillation-induced loss of lock and consequently signal

reacquisition rates for about 25 minutes of an active scintillation period (from minute 35 to 60 in
Figure 2.9) are summarized for L1 C/A and L2C signals in Table 2.3. Signals from low elevation
satellites can be affected more severely by ionospheric irregularities as they travel a longer path
through the ionosphere. Reacquisition statistics for such a scenario can also be found in Table
2.3.
Table 2.3. Signal reacquisition percentage for signals collected from high and low elevation
satellites during strong scintillation conditions for equatorial scintillation data collected on October
25, 2012 in Rio de Janeiro, Brazil.
Percentage of signal reacquisition
L1 C/A
L2C
High elevation

0%

6%

Low elevation

0.05%

27%
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2.4 GNSS Radio Occultation
GNSS signals that pass through the atmosphere obey Snell’s law according to which the ray is
refracted due to vertical density gradients. Using GNSS radio occultation (RO) technique it is
possible to precisely measure phase and amplitude of the GNSS signals to produce accurate
atmospheric vertical profiles and index of refraction. This information can be converted to
atmospheric retrievals such as pressure, temperature, water vapour and air density [Kursinski et
al., 1997].
This section briefly describes the method of deriving atmospheric profiles and index of refraction
from GNSS RO signals.
2.4.1 Atmospheric Refraction
The index of refraction

is defined as the ratio between the speed of light in a vacuum and in the

given medium. In GNSS frequencies it is assumed that there is no absorption in the medium so
that the index of refraction is real. According to Geometric Optics (GO) concept, GNSS signals
propagate in an orthogonal direction to the geometrical wavefront which is defined as the plane
on which the phase of the signal is constant. Therefore, the differential equation of the signal ray
path in a medium with varying refractive index is represented by Eikonal equation [Jin et al.,
2014]

(

)
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⃗

(2.9)

where

is the position vector of a point on a ray, ⃗

is the gradient of the refractive index n, and

ds is an incremental length along the ray path so that
variation of the vector

(

(see Figure 2.12). Therefore

) is

(

)

(

)
(2.10)

⃗

The first term in Equation (2.10) is equal to zero because

and the second term is

simplified considering Equation (2.9). Assuming spherical symmetry, the index of refraction is
considered varying on radial direction as

( ). In other words, the variation of n along the

ray path at the limb is a function of vertical density gradient so that
that

(

)

⃗

. This implies

constant. So according to Bouguer’s law (interpretation of Snell’s law in a

spherically symmetric medium [Born and Wolf, 1980])
(2.11)
In Equation (2.11),

is the angle between position vector

and direction of the ray path. The

constant a is called impact factor in a spherically symmetric atmosphere. These are illustrated in
Figure 2.12.
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Figure 2.12. GNSS RO geometry subject to spherical symmetry of local curvature. The total
bending angle, impact factor, tangent radius and curvature radius are denoted by α, a, rt and r’
respectively.

2.4.2 Atmospheric Bending: Theory
Bending angle is defined as the accumulated change in the ray path direction in the atmosphere.
Assuming spherical symmetry, the total refractive bending angle is given by [Kursinski et al.,
1997; Kursinski et al., 2000]

( )

∫

∫

where r is distance from center of curvature and

( )
√

(2.12)

is the radius of the tangent point (i.e., the

closest point on the ray path to Earth surface). The integration is done over the portion of
atmosphere above . By applying Abelian (or shortly Abel) inversion defined in Fjeldbo et al.
[1971] on Equation (2.12) and introducing the variable
function of α and a from
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,

( ) can be expressed as a

( )

6 ∫

( )
√

7

(2.13)

2.4.3 GNSS Radio Occultation Observable
The GNSS RO retrievals are generated in a process with three main steps. First, phase and
amplitude of the GNSS signal are measured to derive precise positions and velocities of
GNSS/LEO satellites and the excess phase delay due to atmospheric refraction. Then, the
bending angle and vertical refractivity profiles are estimated based on the physical principles of
RO technique. Finally, the geophysical parameters of the ionosphere and neutral atmosphere are
retrieved [Jin et al., 2014]. The latter two steps are explained in Section 2.5.
The raw phase observation between the LEO receiver and GNSS satellite can be modeled as
[Hajj and Romans, 1998; Hajj et al., 2002]

(2.14)

(

(

))

The parameters in Equations (2.14) and (2.15) are explained in Table 2.4.
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(2.15)

Table 2.4. Parameters used in phase measurement model.
Measured range from transmitter i to receiver j.
Recorded phase in cycles for a signal from transmitter i to receiver j.
k

An index to imply frequency dependence. For example, k =1 for GPS L1
and k =2 for GPS L2.

c

Speed of light in vacuum.
Geometric range between transmitter i and receiver j.
Total excess delay due to neutral atmosphere and ionosphere.
Time dependent transmitter and receiver clock errors.
Measurement noise due to receiver thermal noise and local multipath errors.
Excess delay due to neutral atmosphere.

d

A constant.
The integrated electron density along the signal path.

(

)

Higher order ionospheric terms (orders of ⁄

or higher).

It is desirable to extract the total excess delay in Equation (2.14) to calculate bending angle of the
signal. Therefore, raw RO observations should be processed to remove other terms from them.
The geometric range

between the transmitter and receiver can be calculated by deriving precise

orbit information of both GNSS and LEO satellites. Precision orbit determination (POD) method
is performed to obtain highly accurate (cm or mm/s level) positions and velocities of the
satellites. An upward looking antenna is normally installed on LEO satellite for tracking a high
elevation GNSS satellite for POD purpose. Basically, the geometric range between GNSS and
LEO satellites is measured after determining their precise positions. Also, another upward
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antenna can be used to track a reference GNSS satellite and remove transmitter/receiver clock
errors by performing a differencing technique [Jin et al., 2014].
2.4.4 Derivation of Bending Angle
After removing geometric range and clock errors from the RO phase measurement, the sum of
excess phase delay due to the ionosphere and neutral atmosphere is determined. The excess
Doppler shift defined as the derivation of excess phase is a result of accumulated atmospheric
bending of the signal. Considering the geometry shown in Figure 2.13 the excess Doppler shift
can be expressed as a function of signal frequency and direction of transmitter and receiver
satellites as [Hajj et al., 2002; Jin et al., 2014]

(

)
(2.16)

(

where

and

)

are velocities of GNSS and LEO satellites, respectively, and

and

are unit

vectors in direction of the transmitted and received signal. The superscripts (r and t) represent the
radial and tangential components of the velocity vectors.

and

are the angles between signal

direction and positions of GNSS and LEO satellites, respectively (see Figure 2.12). From
Equation (2.11) and considering the geometry of Figure 2.12
( )

( )
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(2.17)

where

and

are the distances of GNSS and LEO satellites from the center of local curvature.

At the altitude of GNSS satellite ( 20,000 km) and LEO ( 500-600 km) the index of refraction
can be assumed equal to unity. This implies
(2.18)
From Figure 2.13 the total bending angle is
(2.19)
Having the precise positions and velocities of GNSS and LEO satellites and the extra Doppler
shift, bending angle ( ) can be derived iteratively from Equations (2.16, 2.18 and 2.19) without
knowing

and

. Using Equation (2.13) the index of refraction can be derived as a function of

and a.
2.4.5 Ionospheric Calibration
In general, ionospheric calibration is needed to remove ionospheric effects and derive neutral
atmosphere refractivity and geophysical parameters. Ionosphere is a dispersive medium which
causes different signals to travel different paths through it and have different bending angles. A
first-order ionospheric correction procedure is introduced in Vorob’ev and Krasil’-nikova [1994]
by applying a linear combination of GPS L1 and L2 signals. For
at GPS frequencies

and

and

, being the bending

at the same level of impact factor a, bending due to atmosphere is

expressed as
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( )

( )

( )

(2.20)

GPS L2 phase measurements are usually more influenced by ionospheric delay and scintillation
because of its lower frequency and power compared to L1. To reduce the effect of the larger
noise on L2 Equation (2.20) is modified as [Hajj et al, 2002]

( )

where ̅

and ̅

( )

,̅ ( )

̅ ( )-

(2.21)

are L1 and L2 bending with longer smoothing intervals.

For deep lower atmosphere (tangent point height lower than 10 km) the L2 signal becomes too
weak and signal tracking is unstable. In such cases, the term , ̅ ( )

̅ ( )- in Equation

(2.21) is linearly extrapolated from higher altitudes down to the surface of the Earth.
2.5 Atmospheric and Ionospheric Sounding using GNSS Radio Occultation
Since neutral atmospheric
as

(

)

is very close to unity, it is usually expressed as refractivity defined

. At GNSS frequencies refractivity contains the effects from four major

sources: the dry neutral atmosphere, water vapour, free electrons in the ionosphere and
particulates (mainly liquid water and ice water) [Kursinski et al., 1997] as
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(
(

where P and

(

))

)

(2.22)

are total pressure and water vapour partial pressure in hectopascal (hPa),

temperature in Kelvin (K),
frequency in Hz and

is the electron number density per cubic meter,
and

is

is signal

are liquid water and ice water content in grams per cubic

meter. The last term in Equation (2.22),

, can be ignored for normal conditions. For tangent

point altitudes of 60 km or higher (signal mainly passing through the ionosphere), dry and wet
components of the refractivity can be neglected as well as higher order ionospheric terms.
Therefore, refractivity is directly associated with electron density in the ionosphere at these
altitudes. In the neutral atmosphere with tangent point height less than 60 km, ionospheric
calibration described in Section 2.4.5 is applied to remove the first order ionospheric term in
Equation (2.22).
2.5.1 Geophysical Parameters Retrievals
2.5.1.1 Dry Atmosphere
After correcting for ionosphere, refractivity in different tangent radius r, contains only the dry
and moist atmospheric components, so that Equation (2.22) can be simplified as follows
[Kursinski et al., 1997]
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( )
( )

( )

The water vapour pressure
low (

( )
( )

(2.23)

decreases quickly in the upper troposphere where temperature is

), so the second term in Equation (2.23) can be ignored (for altitudes above 10

km). In order to solve for

and

the ideal gas law is considered as

(2.24)

where

is air density,

is the mean molecular mass of air and

is the universal gas constant

equal to 8.314 (JK-1 mol-1). Therefore, from simplified form of Equation (2.22) (

⁄ )

and Equation (2.24) the atmospheric density ( ) (kg m-3) can be expressed as

( )

( )

( )
( )

(2.25)

in Equation (2.25) is the mean molecular mass of dry air which can be assumed constant for
altitudes below the homopause ( 100 km) and

[Kursinski et al, 1997].

Considering an additional constraint of hydrostatic equilibrium as
( )

where

( )

(2.26)

is the gravitational acceleration. By integrating the hydrostatic equation, atmospheric

pressure can be derived as [Jin et al, 2014]
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( )

(

)

( ) ( )

∫

(2.27)
(

(

) (

)

∫

( ) ( )

) in Equation (2.27) is the pressure at the top of the atmosphere (

when

).

In practice, initial temperature estimation from weather model analysis or climatology at high
altitudes (upper stratosphere) is used to derive upper limit of pressure (

). Having the

pressure and refractivity profiles, accurate temperature profiles can be derived from Equation
(2.25) throughout the stratosphere down to mid-troposphere and below (where the water vapour
is negligible) using the following equation:
( )
( )

( )

(2.28)

2.5.1.2 Moist Atmosphere
At the altitudes of mid-troposphere, the water vapour is significant and derivation of atmospheric
parameters becomes more complicated. An initial knowledge of one of the three parameters (T,
P,

) is required to solve for the other two. From ideal gas law in Equation (2.24) and Equation

(2.23) the atmospheric density is given by [Kursinski et al., 1997; Jin et al, 2014]

( )

4 ( )
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( )
5
( )

(2.29)

where

and

denotes the mean molecular mass of moist air. Also,

Equation (2.23) can be rewritten as

( )

, ( )

( )

( ) ( )-

(2.30)

which requires independent knowledge of temperature achieved from climate and weather
analysis. In practice, with an initial estimation of

( ),

( ) and

( ) are derived iteratively

from Equations (2.27), (2.29) and (2.30).
2.5.2 Ionospheric Inversion

Electron density

can be derived from ionospheric occultation events (tangent point altitude of

90 km or higher) subject to having high precision orbit information. This process is called
ionospheric inversion. Bending angle due to ionospheric refraction is very small especially for
the upper ionosphere [Hajj and Romans 1998]; this makes ionospheric inversion procedure
complex and sensitive to measurement errors.
As explained in Section 2.4, impact factor and bending angle of the RO signal can be computed
from precise orbital parameters and excess phase measurement. The refractive index of the
ionosphere then can be derived using the method of Abel inversion in Equation (2.13). Electron
density in terms of the index of refraction is expressed as [Bassiri and Hajj, 1993; Jin et al.,
2014]

( )

(
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( ))

(2.31)

2.6 Ionospheric Scintillation and Space-Borne Applications
During the past decades, instruments onboard several LEO satellites have continuously collected
RO observations using signals transmitted by the GPS satellites (e.g. CHAMP, SAC-C,
COSMIC). These observations have been providing a rich source of information about the global
occurrence morphology of ionospheric scintillations [Anderson and Straus, 2005; Straus et al.,
2003]. Radio occultation monitoring of scintillation is advantageous in that it can be performed
on a global basis with more availability than ground-based monitoring techniques [Carrano et al.,
2011]. However, the long propagation path of RO signal through the ionosphere makes it
difficult to determine the geographic location and spatial extent of the ionospheric irregularities.
Moreover, it is not possible to understand from the RO signal itself what specific configuration
of the plasma has modulated to the signal [Carrano et al., 2011].
On the other hand, multi-frequency multi-constellation approaches exploiting modernized signals
are planned for near future radio occultation (RO) missions (e.g., COSMIC-II). Thus, it is
desirable to employ the most optimal combinations of robust observations for more accurate RO
retrievals.
It was shown in previous sections that all RO retrieval processes depend on measuring the excess
phase in Equation (2.14) which is derived from phase observations from GNSS satellites.
Therefore, accurate and continuous RO observations depend on precise and continuous
measurements of GNSS signal carrier phase. However, acquisition and tracking of scintillated
RO signals can be challenging. High velocity of both transmitter and receiver impose more
dynamics to the system. Therefore, additional high frequency scintillation-induced dynamics can
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lead to high tracking errors, inaccurate navigation measurements, and in extreme cases loss of
observations. RO signals that travel a much longer path through the ionosphere can be attenuated
by small scale irregularities in multiple locations along the signal path and experience more
severe amplitude fading. Amplitude fading can decrease signal power below the acquisition
threshold and cause failure in capturing the scintillated signal.
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Chapter Three: IONOSPHERIC SCINTILLATION SIMULATION
This chapter provides an overview of scintillation theory that characterizes propagation media
and fundamentals for development of multiple phase screen (MPS) modeling of ionospheric
scintillation. In general, when an electromagnetic wave field propagates in a structured medium,
interference across the signal wavefront- which can occur at different points along the
propagation path - produces complex diffraction patterns. MPS model assumes that the
ionospheric irregularities which scatter wave fields are concentrated within diffracting screens
called phase screens. In this model, only forward propagation is considered and all backscatters
induced by structured medium are neglected.

The theory of scintillation and statistical characteristics of scintillations based on this theory are
described in Sections 3.1 and 3.2. Later sections develop the numerical model based on MPS for
simulating scintillations with specific stress for space-borne GNSS receivers and radio
occultation (RO) signals. RO geometry and oblique ray propagation concept are considered to
produce realistic simulation tools. Development of this simulation is built on and modified after
the work of Rino [2011, Chapters 1-4].

3.1 Theory of Scintillation
Scintillation theory is a generalized form of propagation theory in homogeneous media, where it
is assumed that spatial gradients of the propagation medium are negligible over wavelengthscale. This is referred to as weakly inhomogeneous media. An additional assumption is that
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scintillation theory is based on forward propagation and backscatters caused by inhomogeneous
media are ignored [Rino 2011].

The mathematical modulation of scintillation is described by the resulting forward propagation
equation (FPE). Development of scintillation theory based on FPE is explained in subsequent
sections.

In this section, first the theory of propagation of electromagnetic (EM) waves in homogeneous
and weakly inhomogeneous media is briefly provided. Then, development of FPE which is built
on propagation theory is explained.

3.1.1 Propagation of Electromagnetic Waves
Propagation of EM waves follows Maxwell’s equations which describe the relationship between
electric and magnetic fields. Complete developments of Maxwell’s equations and the material
summarized below can be found in textbooks [Kong 1986; Wilson et al., 2009; Rino 2011].

3.1.1.1 Propagation Homogeneous Media
In a source-free region time-harmonic forms of Maxwell’s equations are developed as

(3.1)
(3.2)
where, complex vectors E and H represent electric (V/m) and magnetic (amp/m) fields
respectively. The complex scalars

and

are permeability (H/m) and permittivity (F/m),
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respectively, and

represents frequency (rad/s) and is equal to

. The operator “

” is the

curl operator. By combining Equations (3.1) and (3.2) and eliminating the curl operation the
general form of wave equation is obtained:

(

)

(3.3)

Freely propagating waves can be considered as wave propagation in a homogeneous medium, for
which both

and

are constant, so the right-hand side of equation (3.3) equals zero resulting in

(3.4)
A solution to Equation (3.4) is the family of plane waves of the form

̂( )

( )
where

is the position vector and

*

+

(3.5)

represent wavenumber. Wavenumbers associated with

plane-wave solutions for Equation (3.4) have a constant value k of

| |

⁄

√

(3.6)

Assuming x as reference direction of propagation, kx as magnitude of x-component and

as

transverse component of k we have

√

. /
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( )

(3.7)

( ) is real for

which is associated with plane wave propagation without attenuation.

Two-dimensional Fourier decomposition of an electric field in a plane perpendicular to the
reference axis (x) at

is described as integration of the electric field over transverse vector

axis such as [Rino, 2011; Ghafoori, 2012]

̂(

)

∬ (

*

)

+

(3.8)

The extension of the wave field at any point in space can be derived as [Rino, 2011]

( )

∬ ̂(

)

*

|+

( )|

*

+

(

)

(3.9)

3.1.1.2 Propagation in Weakly Inhomogeneous Media
In this section the term
of refraction of the media,

is replaced by

where

is speed of light in free space and

√

represent the index

is speed of light in an

inhomogeneous medium. Considering this, Equation (3.3) can be rewritten as

(

)

(3.10)

For a weakly inhomogeneous media, due to small-gradient constraint, the right hand side of
Equation (3.10) is approximately zero. Also, the index of refraction is introduced as changes to
the local refractive index such as:

. Hence for a weakly inhomogeneous media

Equation (3.10) would be [Rino, 2011]
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(

)
(3.11)

The standard method of solving Equation (3.11) is by using the scalar free-space Green function

(

where

and

* |
|

)

|+

(3.12)

|

are position vectors. Equation (3.12) satisfies the following scatter integral which

is a solution to Equation (3.11) [Rino, 2011; Ghafoori, 2012].

( )

( )

∭ (

) ( ) ( )
(3.13)

( )
where

( )

( ) is homogeneous wave solution shown in Equation (3.9) and

( ) represents

scattered field [Ghafoori, 2012] and

( )

( )

(3.14)

3.1.2 Scintillation Theory
Derivations here follow the approach of Rino [2011] and Ghafoori [2012]. Considering

as the

reference propagation axes and upon computing the derivative of Equation (3.13) with respect
to , the first-order differential forward propagation equation (FPE) is obtained as
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(

where

)

(

)

(

) (

)

(3.15)

represents the propagation operator which is defined by Taylor series expansion of

( )in Equation (3.7).

denotes the propagation transverse axes and

(

) is called the

media-interaction term.
First step to solve Equation (3.15) is to consider the more simple form in the absence of
propagation operator such as

(

)

(

)

(

8 ∫
⏟

)

9

(3.16)

Equation (3.16) suggests a split-step method such that the phase perturbation (the term between
braces) at the entrance of irregularity layer is propagated to the next layer using propagation
operator.
Split-Step Recursive Solution
Considering

as the reference propagation direction and

(

) as the complex wave field

intensity, the two-dimensional form for FPE can be developed following Equation (3.15) such as

(

Assuming the initial condition

)

(

(

)

)

(

) (

)

, one solution to Equation (3.17) is
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(3.17)

(

∫ ̂(

)

)

*

( )(

)+

*

+

(3.18)

where

̂(

)

∫ (

)

*

+

(3.19)

To implement a recursive split-step solution, the propagation medium is divided into a series of
layers with thickness

each of which represent a phase screen. Under the assumption that

each layer is characterized as locally homogeneous with small amplitude changes, the phase
*

perturbation term,

assuming the wave field

(
(

)+, is applied at the entrance of each layer. This means that

) is known, applying Equation (3.18) with

will move

the field solution to the start of next layer. This recursive spilt-step method is defined by the
following three operations, the last two of which are called forward and inverse discrete Fourier
transforms (DFT) [Rino, 2011]
(

)

(

̂(

(

with

*

( (

)

)

)

∑

(

*

)

∑ ̂(

)

(

)

*

+

(3.21)

+

(3.22)
*

+

)+ defined at the spatial frequency vector given by
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(3.20)

(

)

[

]

(3.23)

To generalize the field solution for more general case of three-dimensional medium,
Equations (3.20) to (3.22) can simply be replaced by (

in

).

3.2 Characteristics of Scintillations
Scintillations are a result of spatially and temporally random small-scale irregularities in the
ionosphere. Thus, determining their stochastic properties is one of the essentials in scintillation
studies. The statistical characterization of scintillation builds on the theory of stochastic
processes which provides the mathematical framework for it.
For a signal transmitting at GNSS frequencies, the plasma frequency of the ionosphere (being the
propagation medium) is described by [Rino, 2011]
(3.24)

where

is the classical electron radius and

is the electron density. The

irregularity structures in the ionosphere as the source of scintillations are shown with
perturbations to local index of refraction (

) which is defined as

(3.25)
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3.2.1 Spectral Model of Scintillation
In physics, the theory of turbulence states that the three-dimensional spectral density function
(SDF) of a passive scalar in the turbulent flow field follow the power-law form
spatial wavenumber range

. The lower boundary,

representing the largest irregularity structure. Similarly,

over the

, is called the outer scale,

which is referred to as the inner scale,

corresponds to the smallest structure.
The shape of the SDF of the refractive index fluctuations is given by ( ) function described as
[Rino, 1979]

( )

(

) (
(

where

(

)

)

(

)

(3.26)

)

is the scale-free spectral index and ( ) represents the Gamma function. Complete SDF

function is constructed by the mean square value of refractive index variance 〈

( )

〈

〉 ( )

(

)

.

〉 [Rino, 2011]

/

(3.27)
(

where

)

(

is the scale-free turbulent strength given by
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)

〈

〉(

) (

(
Considering Equation (3.25), 〈

)

(3.28)

)

〉 can be expressed as

〈

〉

(

)

〈

〉
(3.29)

〈

〉

In order to form the two-dimensional phase spectrum, the three-dimensional refractive index
SDF in Equation (3.27) can be mapped onto the wavefront phase as an integral over a segment
with thickness

via

( )

( )

(

)(

)

(3.30)

3.2.2 Scintillation Indices
Spilt-step algorithm exploits the gradual development of intensity scintillation. By defining
signal amplitude and

as signal intensity, intensity scintillation index,
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, is defined by

as

( )

〈 〉 〈 〉
〈 〉

The phase scintillation index,

(

((

)
.

/

)

√ (

) ((

)
)

)

(3.31)

, is defined based on the phase mean square value3 such as

〈

(

〉

(

)
)

(3.32)

Equations (3.33) and (3.35) are calculated assuming direct propagation and isotropy.
3.2.3 Frequency Dependence
Because of the inverse frequency dependence of refractive index in Equation (3.25), it can be
concluded that lower frequency signals are refracted and bent more than higher frequency signals
when passing through small-scale ionospheric irregularities. Consequently, scintillations are also
inversely dependent on the signal frequency. The relationship between intensity and phase
scintillation indices and frequency of the transmitted signal

was shown in Ghafoori [2012]

such as

(

)

(3.33)
(3.34)

3

Phase scintillation follows a zero-mean Gaussian distribution, so its variance and mean square value are equal.
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Considering Equations (3.33) and (3.34), it is anticipated that for GPS
(a typical value for the spectral index),

(

)

(

)

and

and
(

frequencies and
)

(

).

3.3 Oblique Propagation in Anisotropic Media
This section extends the FPE theory to include aspects of satellite EM wave propagation through
Earth’s ionosphere. One challenge is to incorporate the changing geometry between the satellite
and receiver. This can be accommodated by considering a continuously displaced coordinate
system centered on the main propagation direction. Second challenge is to consider the fieldaligned anisotropy of ionospheric irregularities which is a result of movement of charged
particles along Earth’s magnetic field lines. The anisotropy can be accommodated by scaling and
rotating the main coordinate that describes isotropic structures. In the following, such
modifications are developed for general geometry of a radio occultation event based on the
geometrical transformations described in Rino [2011].
3.3.1 Geometric Considerations
In development of scintillation theory in section 3.2, it is assumed that the wave propagation
direction is perpendicular to the phase screen layers. In order to create flexibility for different
satellite geometries, a new coordinate system is assumed with continuously changing
measurement plane that is centered on the principal propagation direction. Figure 3.1 shows the
continuously displaced coordinate system (CDCS) geometry, modified after Rino [2011] and
Ghafoori [2012] to meet special geometry of RO events.
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Figure 3.1. (a) Oblique propagation reference coordinate system, and (b) measurement plane
alonge propagation direction [modified after Rino, 2011].

In Figure 3.1, the interception of main propagation direction and phase screen plane, P, is the
origin of reference coordinate (

) system which is homologous to local (East, Down,

North) directions. The propagation angle of an oblique ray to this coordinate system,
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, is

measured with respect to the propagation axis (

). R is the propagation distance along the

principal propagation direction.
In order to accommodate the oblique ray propagation in the spilt-step solution (developed in
section 3.2), the FPE in Equations (3.17) and (3.18) can be rewritten such as

(

(

)

)

∬ ̂ (

)
*

+

(

(

)

*(

(

(

)

)

(

̂

)

)(

(3.35)

)+

(3.36)

)

A product decomposition in the FPE is introduced as
(

where

)

(

)

*

(

)+

(3.37)

is the transverse coordinate in the displaced system defined as

̂ (

k is the constant wavenumber vector such as
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)

(3.38)

[

]
( )

,

and ̂

(3.39)

-

is the unit vector along the transverse component, where [Ghafoori, 2012]

,

̂

|

|

,

-

(3.40)

In the CDCS, phase perturbation term in Equation (3.16) changes to [Rino, 2011]

(

)

∫

(

̂

)

(3.41)

Now, the spilt-step solution to Equation (3.35) can be implemented by recursively generating
phase perturbations defined in Equation (3.41) and then propagating the field to the next layer
using Equation (3.36).
3.3.2 Anisotropy
Following the approach in Singleton [1970], the SDF of the phase scintillation described in
section 3.2.1 can be rotated and scaled to account for oblique propagation in an anisotropic
medium. Scaling and rotation algorithm and detailed calculation of anisotropy factors, A, B, and
C can be found in Appendix I.
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In an anisotropic continuously displaced coordinate system, the SDF of the integrated phase can
be written as

( )

where

and

(

)

(

)

(3.42)

are the principal and secondary anisotropy elongation factors, respectively. From

Equation (3.42) one-dimensional SFD of the integrated phase scintillation follows an inverse
power law relationship of the form [Rino, 2011; Knight, 2000]

( )

where

(

)

is the frequency of phase fluctuations,

(3.43)

is corresponding to frequency outer scale and

is the amplitude of the power spectral density at frequency of 1 Hz (assuming
and

).

are given with the following equations:

(3.44)

√
(

where

and
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)

( )
(

(3.45)
)

√

(3.46)

is the effective velocity of the signal propagation path through the ionosphere irregularity
layers which is defined as [Rino and Fremouw, 1977; Rino, 1979]

√

(3.47)

̂

in Equation (3.47) is defined as

, where

is the irregularity

drift velocity (typically 50 to 200 m/s, and can reach to 1000 m/s at high-latitudes) and

is the

velocity of the penetration point through the irregularity layer which is a function of receiver and
satellite motion [Knight, 2000].
SDF of intensity also follows a power-law relationship of the form of Equation (3.43) for high
fluctuation frequencies, but it is attenuated significantly at low frequencies. The cutoff frequency
of amplitude scintillation power spectrum, called Fresnel cutoff frequency, is defined by [Yeh
and Liu, 1982]

√
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(3.48)

where

represents Fresnel scale defined by

√

with

and

being the distances

between the ionosphere irregularity layer and the satellite and receiver, respectively.
Amplitude and phase scintillation indices with geometric and anisotropy corrections are
calculated in Appendix II.
3.4 Multiple Phase Screen Scintillation Simulator
Following the theory of scintillation described in previous sections, a scintillation simulator has
been developed for the purpose of studying a wide range of scintillation test cases for general
geometry of RO events. In the cases where real data is limited, using simulation facilitates
investigation of processes that lead to a particular event. Using simulation, it is possible to
control all the factors that create the data and see how a certain change can affect the results
[Davis et al., 2007]. The drawback, however, is that simulation is vulnerable to misspecification
of the model and processing errors [Ghafoori, 2012].
The scintillation simulator is based on the multiple phase screen (MPS) method introduced in
Rino [1979, 1982, and 2011]. In this model, it is assumed that the ionospheric plasma density
irregularities are concentrated within thin diffracting screens called phase screen. The distance
between transmitter to the first phase screen at the height of F2-layer peak height (about 350 km)
is vacuum. The induced phase perturbations that cause phase and intensity scintillations are
accumulated within the medium [Carrano, 2011].
MPS method is a numerical technique for simulating propagation of radio waves through a
refractive and diffractive medium which allows both amplitude and phase fluctuations to
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accumulate within the medium [Carrano, 2011]. This capability is important, especially when
modeling RO experiments because of their long propagation path through ionosphere.
Simulated scenarios are used to investigate statistical characteristics of the intensity and phase
scintillation data, impact of scintillation on the performance of an off-the-shelf GPS receiver
carrier tracking loop, algorithms to calculate phase and amplitude scintillation measurements for
different ionospheric conditions, and solutions for enhancing performance of the receiver. The
model is also evaluated through comparison with scenarios derived from real data in Chapter
four.
3.4.1 Model and Software Development
The wave field propagation is measured in the continuously displaced coordinate system
introduced in section 3.3.1. Hence, the reference propagation coordinate system is defined as
(

) with

being the main propagation direction towards eastward,

downward, and

northward. Figure 3.2 shows possible scintillation geometry in a RO scenario. The origin of
this coordinate system is placed on the penetration point or ionospheric pierce point (IPP) which
is assumed as the intersection of propagating wave and the phase screen.
propagation angle from main propagation direction
local vertical axis

.
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and

denote the

and transverse propagation angle from

Figure 3.2. Geometry and reference coordinate system for MPS calculation for a RO event in
scintillation simulator.

The block diagram of the scintillation simulator developed in this thesis is illustrated in Figure
3.3. As shown in the diagram, positions and velocities of LEO and GPS satellites which are the
outputs of radio occultation predictor (ROP)4 software, are used as inputs to the simulator. ROP
uses orbital information of the satellites obtained from the two-line elements (TLE), specified by
north American aerospace defense command (NORAD), for the LEO satellite and the YUMA
almanacs for the GPS constellation, both of which are publicly available on-line5. The TLE and
YUMA formats are described in Appendix III and Appendix IV, respectively. At each desired
epoch, the simplified general perturbations 4 (SGP4) orbital model [Hoots and Roehrich, 1980]

4

Radio occultation predictor is a C++ based software developed at the University of Calgary. This software was
originally developed to calculate the GPS constellation visible to Canadian advanced nanospace experiment 2
(CanX2) nanosatellite at regular intervals to identify desired data collection periods. Detailed explanation can be
found in [Kahr et al., 2010; and Kahr et al., 2013]
5

For each LEO satellite TLE can be obtained from https://www.space-track.org/#/tle and YUMA almanacs are
available at https://celestrak.com/GPS/almanac/Yuma/.
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is used to extend the TLE and obtain position of the LEO [Kahr et al., 2013]. Yuma almanac is
propagated to the same time using the standard algorithm from GPS interface control document
[Kahr et al., 2013]. Assuming spherical model for the Earth and atmosphere and defining field of
view of the GPS receiver antenna, visible GPS satellites to the LEO are determined. The next
step is to list desired occultation events. Output files include records of start and stop times of
events, LEO and occulting GPS satellite positions, as well as occultation tangent point height and
position [Kahr et al., 2010].
GPS and LEO satellites position vectors ̅
and ̅

( ) and ̅

( ), as well as velocity vectors ̅

( )

( ) in the Earth Centered Earth Fixed (ECEF) coordinate system generated by the

predictor are directly loaded in the simulator. Position and velocity vectors can be converted
from ECF system to geodetic (latitude, longitude and height) and Topocentic Coordinate System
(TCS) using the coordinate conversion algorithms [Misra and Enge, 2011].
In this thesis the original Matlab scintillation simulator6 developed by Charles Rino is modified
to account for the special geometry and characteristics of RO events. To decrease computational
complication, the following assumptions are considered.


The transmitter is assumed to be fixed for the duration of an event knowing the fact that
the orbital radius of a GPS satellite is much larger than the orbital radius of the LEO
satellite [Carrano et al., 2011]. The simulator searches for the mid-time position of the

6

Rino’s scintillation simulator is a Matlab based software and originally was developed for simulating scintillation
for a ground receiver. This software is publicly available at http://www.mathworks.com/matlabcentral/
fileexchange/28865-3-d-propagation-code.
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GPS satellite during the desired occultation event and uses that as the fixed position of
the transmitter.


Bending of the signal ray is neglected.

After basic geometrical and orbital calculations achieved from instant position and velocity of
the receiver and assuming fixed phase screen height, the following propagation parameters can
be obtained (calculation details are provided in Appendix V):


Date and time of event.



Satellite range and range rate, in m and m/s, respectively.



IPP position and IPP range to the receiver at each time epoch.



Propagation angles



Signal penetration point velocity in ECF coordinate, in m/s.



Apparent velocities in the vertical measurement plane

and

, in degrees.

and

, in m/s.

Next, these propagation parameters are employed to implement spilt-step algorithm (introduced
in Section 3.1.2) to generate simulated two-dimensional complex scintillation wave field.
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Time series of amplitude and phase
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Ready to be modulated on clean GPS signals

Figure 3.3. Block diagram of RO scintillation simulator based on MPS model [modified after
Ghafoori, 2012].
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3.4.2 Geometric Computations
In this thesis, a real LEO (Canx2 satellite, NORAD ID: 32790) is considered. TLE
corresponding to March 27, 2015 and GPS constellation YUMA almanacs of the same date are
used as inputs to the RO predictor. A GPS receiver is assumed onboard the LEO satellite that
receives occulting signals. The phase screen is assumed at 350 km altitude.

Figure 3.4 displays predicted GPS constellation visible to the LEO at 00:07 UT. The center of
the plot represents the local zenith of the LEO. Three GPS satellites, PRN 4, PRN 9 and PRN 11,
are predicted to be visible and occulting at this time for a few seconds. Occultation event with
PRN 9 is selected for simulations in this example, as the LEO and occultation tangent point are
located at high latitudes. Tangent point at the beginning of this event is located at 64.79º N
latitude, 126.37° W longitude and 158 km altitude. Hence, this event can be affected by auroral
and polar ionospheric structures.

The geometry information of this occulting event is exploited to simulate ionospheric
turbulences. Occulting GPS satellite’s (PRN 9) mid-time position is considered as the fixed
transmitter location. The trajectory of this point on earth (same latitude and longitude and height
of zero) is considered as the origin of the TCS coordinate since it is unchanged throughout the
process. This occulting event lasts for about 90 seconds.
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Visible and occulting PRN

Atmosphere elevation wrt LEO

Occulting PRN

Earth elevation wrt LEO

Visible PRN

Antenna field of view

Not visible not occulting

Figure 3.4. GPS constellation with respect to LEO. LEO local zenith is assumed in the center of the
plot.

Based on this information, initial calculations including receiver (LEO satellite) and IPP
trajectory, satellite-to-satellite range and range-rate, and propagation angles are obtained and
shown in Figures 3.5 to 3.7, respectively.
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Figure 3.5. LEO satellite and IPP points trajectories.

As displayed in Figure 3.6 upper panel, the distance between GPS and LEO satellites decrease
gradually during the event. This implies that the event shown in this example is a rising event for
which the shortest possible range at the end when the tangent point is located at E layer altitudes
of the ionosphere. The longest possible distance is obtained when LEO is behind the Earth’s
limb. The satellites’ range-rate which appears because of the relative motion between two
satellites is shown in the lower panel of Figure 3.6.
The propagation angles,
by (

and

, are calculated in the propagation coordinate system denoted

) (introduced in Section 3.3.1). These parameters are measured and displayed in

Figure 3.7.
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Figure 3.6. GPS- LEO satellites range and range-rate.

Figure 3.7. Signal propagation angles.
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3.4.3 Geomagnetic Field Computation
The Earth’s magnetic field is modeled by International Geomagnetic Reference Field (IGRF)
coefficients. IGRF is a series of mathematical models that determines Earth’s magnetic field
vector numerically between epochs 1900 A. D. and present. This vector defines the geomagnetic
field

(

) everywhere from Earth’s core out into space [Thebault et al., 2015]. A brief

description is provided here.
3.4.3.1 Mathematical Formulation of IGRF Model
On and above the Earth’s surface, the magnetic field is defined as negative gradient of a
magnetic scalar potential

(

) by

[Thebault et al., 2015]. This magnetic

potential is approximated by the finite series

(

where

)

∑∑(

)

,

( )

ℎ ( )

denotes the radial distance from Earth’s center in km,

harmonic degree of the expansion (e.g.,

),

and

-

(

)

(3.49)

is the maximum spherical

denote east longitude and geocentric

co-latitude (i.e. 90º- latitude) of the point where the magnetic field is being calculated.

is the

Earth’s radius (roughly 6371.2 km), and is the time of interest in years. The Gauss coefficients,
and ℎ , are functions of time and are conventionally given in nanotesla (nT).
the Schmidt quasi-normalized associated Legendre function of degree
et al., 2015].
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and order

(

) is

[Thebault

The magnetic potential

(

) is specified by Gauss coefficients. These coefficients are

available for 5-year intervals from 1900 to 2015. The geomagnetic components of the
geomagnetic field in northward, eastward and radially inwards (
Equation (3.49), by taking the gradient of

) are obtained from

from

(3.50)
Earth’s magnetic field parameters can be calculated from

and

. These parameters are:

total intensity of magnetic field ( ), horizontal intensity ( ), declination angle, the angle
between the headings of magnetic north and geodetic north ( ), and inclination angle, the angle
of the magnetic field above or below the local horizontal plane (I), which are defined as below
[Thebault et al., 2015]

√

(

)

√

(

)

( ⁄ )

(

)

( ⁄ )

(

)
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(3.51)

3.4.3.2 Geomagnetic Field Line Orientation
In order to determine the orientation of the Earth’s magnetic field lines in the propagation
coordinate system IGRF model is exploited7. Input parameters to IGRF block is year of event,
the latitude and longitude of the point where geomagnetic field values are required (in degrees),
and the height (in km). The program outputs the north, east and vertical components of
geomagnetic field elements denoted by

and

, respectively. Figure 3.8 illustrates the

geomagnetic field directions with respect to the propagation coordinate system. These values are
applied in the following set of equations to determine field line orientation [Ghafoori, 2012].

| |

√

(3.52)

| |
| |

(3.53)

| |
where

denotes the magnetic field unit vector in the propagation coordinate system.

7

The IGRF Matlab codes are developed by Charles Rino and are publicly available at http://www.mathworks.com/
matlabcentral/fileexchange/28874-igrf-magnetic-field
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Figure 3.8. Geomagnetic field directions in geodetic versus propagation coordinate system.

The geomagnetic line orientation in the propagation coordinate system is expressed by the angle
that defines the orientation of the plane of magnetic field,

, and the angle from vertical plane,

, defined respectively as below

(

)
√

(3.54)

(

(3.55)

)

The geomagnetic field parameters are required at the IPP points at the altitude of 350 km. For the
event shown in Figure 3.5, the geomagnetic angles (
Figure 3.9.

78

and

) are computed and displayed in

Figure 3.9. Geomagnetic field line orientation in the propagation coordinate system.

3.4.4 Anisotropy Computation
For high-latitudes, ionospheric irregularities are sheet-like. Therefore, in this simulation, the
principal and secondary anisotropy elongation factors (
secondary axis orientation angle

), are set to (

) and the

is set to zero assuming the axis is aligned along the Earth’s

L-shell8 [Rino et al., 1978] (see Appendix I). Using magnetic field angles (
block output, and propagation angles (

) from IGRF

), the propagation medium anisotropy factors (A, B,

C) can be computed.
As shown in the block diagram in Figure 3.3, geometry parameters, geomagnetic angles and
anisotropy factors, computed so far, are used as inputs to implement the split-step solution.

8

The L-shell or L-parameter is a parameter describing a set of planetary magnetic field lines. For Earth, L-shell
often describes the set of magnetic field lines which cross the magnetic equator.
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3.4.5 Implementation of Forward Propagation Algorithm
This section explains the details of implementation of forward propagation equation to generate
phase and intensity scintillation simulations.
3.4.5.1 Spatial Frequency
Fast Fourier Transform (FFT) calculations are used at several points in implementation of splitstep solution. To avoid possibility of frequency aliasing during these calculations, spatial
frequencies associated with each spatial FFT are explained in this subsection. As shown in
Equation (3.23), spatial frequency is defined by

(

where

⁄

is the grid spacing in (

equally spaced grid samples such as

)

(3.56)

) plane. The FFT transform of the signal is calculated at

the spatial frequencies [Psiaki et. al., 2007]

{

(

(

)

To use FFT function in Matlab, the number of samples

)

should be a power of 2, i.e.

scintillation simulator uses a 8192-by-8192 point single phase screen with
measurement plane and grid spacing of it are illustrated in Figure 3.10.
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(3.57)

. The

( ). The

( 𝜅)
𝑦

Figure 3.10. Two-dimensional vertical measurement plane at the phase screen, symmetric about
IPP.
and are in vertical and northward directions.

3.4.5.2 Perturbations Generation at the Phase Screen
The block denoted by “propagation” in the simulator block diagram in Figure 3.3 generates twodimensional complex scintillation wave field

(

)(

) at the height of the phase screen,

and propagates the field towards the receiver by means of the split-step solution.
In reality, RO signals propagate through a large portion of the ionosphere and pass through
several ionospheric small-scale time-varying irregularity structures from the transmitter to
receiver. However, in the three-dimensional MPS simulation, which is based on the work of
Rino [2011], the principal propagation direction is broken into a series of vertical layers which
are replaced by thin phase screens separated by vacuum. The boundary condition at the entrance
to the refractive region (the phase screen at the height of 350 km) is given in terms of unit
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complex wave field, i.e.

(

)(

)

(

)

. The phase change induced on the wave
(

*

field when passing through this phase screen, i.e.

)+, is modulated on the

wavefront. Finally, the wave is propagated to the next layer until the observing point (receiver) is
reached. This process is illustrated in Figure 3.11.

Figure 3.11. Geometry of the MPS calculation in simulator.

As introduced in section 3.2.1, random variations of local refractive index
source of phase perturbations (

) which result in scintillations. The SDFs of

are the
and

are

related through

( )

(

)

(

)

(

(

)
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( )

)

(

(3.58)
)

At each IPP point Equation (3.58) can be completely characterized by three parameters: turbulent
strength parameter ( ), the spectral index ( ), and irregularity spatial wavenumber ( ) [Rino,
2011]

(3.59)

where

and

can be defined through Equation (3.57) and

and

are anisotropy factors.

Another boundary condition is assumed at each IPP for the two-dimensional refractive index
profile such as

(

)

(

)

).

(

array of Gaussian random values,

To generate the perturbation profile first an
),

(

is generated.

(

)

values are scaled by

filter response amplitude corresponding to the perturbations SDF in Equation (3.58) and then
spatial filtering process is applied by taking FFT of

(

perturbation

to obtain two-dimensional refractive index

(

)

which can be scaled by

)

values. The result represents phase

and refractive index perturbations such as (see Figure 3.12).

)(

(

)

(

)(

(

)

)
(3.60)

(

)(

)

(

)(

(
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)
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Figure 3.12. Block diagram of generating two-dimensional profile of index of refraction
perturbations (blue boxes), and producing wave field realization from first to second layer (green
boxes).

*

Now, the phase perturbation expression,
incoming wave field

(

(

)(

)(

)

)(

(

)+ can be modulated on the

) as

(

)(
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The spatial Fourier transform of

) is calculated to obtain ̂ (

)(

(

)(

)

(Equation (3.21)) and then the wave field is forwarded to the next layer. The propagation factor
(

) (Equation (3.22)) is calculated through [Rino, 2011; Ghafoori, 2012]
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(3.62)

where

̂

The spatial Fourier transform of

,

-

is multiplied by ̂ (

)(

(3.63)

) and finally the spatial

inverse transform is applied to produce the wave field in the next layer

(

)(

) (see

Figure 3.12).
In this simulation, it is possible to assume single or multiple turbulent layers within the
propagation medium. For turbulent layers, wave field
form of Equation (3.58) and the refractive index

(

)(

(
)(

) SDF is following the
) of the turbulent layers is

determined from Equation (3.60). For non-turbulent layers (i.e. simple refraction layers) it is
obtained from
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(
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)

(

)

(

)

(3.64)

For the example shown in Figure 3.5, the RO signal is propagated along 20 paths (about 5
seconds apart) from beginning to end of the occultation event and the propagation simulated
along each path independently. A single turbulent layer with

and

is

assumed, located at 350 km altitude where the RO signal first intersects a shell around Earth at
this height (IPP point). Another 14 non-turbulent refraction layers are located in equal distances
from each other (total number of layers=15). Figure 3.13 depicts the simulated measurement
plane intensity in dB for the first path, which is the one with highest tangent point altitude.

Figure 3.13. Two-dimensional complex wave field scintillation realization in dB for the first path
with
and
. The distance from IPP to receiver is about 4084 km.
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3.4.6 Generation of Scintillation Time Series
Amplitude and phase scintillation realizations are needed in the form of time series to be
modulated on real or simulated clean data. The spatial variation of the two-dimensional complex
wave field (

)

(

(

)

(

where

)

)

can be translated into the time domain using [Rino, 2011]

is the irregularity drift velocity,

irregularity layer and

̂

(

)(

)

(3.65)

is the velocity of the penetration point through the

is defined in Equation (3.38). The conversion is applied along the

highlighted path in Figure 3.13. Generated amplitude and phase scintillation time series are
shown in Figure 3.14. Final scintillation signal is recorded in the form of √ ( )
where ( ) and

( ) represent intensity and phase scintillation signals, respectively.
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*

( )+

Figure 3.14. Simulated intensity and phase scintillation time series on GPS L1 frequency with
and
.

3.5 Scintillation Simulator Sensitivity to Input Parameters
Two main input parameters to the scintillation simulator are , the scale-free spectral index, and
, the scale free turbulent strength defined in Equation (3.28) (see Figure 3.3). According to
Equations (3.30), (3.32), and (3.43) intensity and phase scintillation severities are directly
associated with the value of each of these parameters. Figure 3.15 illustrates the relationship
between amplitude of the scintillation power spectral density at frequency of 1 Hz,
simulator input parameters,

and

. For a fixed value of

, as

increases, higher

, and
values

are obtained which means it can cause more disturbance to the signal. The same results can also
be experienced when

is constant and

is increased.
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2

dBrad /Hz

Figure 3.15. Amplitude of the scintillation power spectral density at frequency of 1 Hz,
function of and .

, as a

In the next chapters, simulated phase and intensity scintillation records (different examples of
scintillation conditions for variety of test cases) are modulated on non-scintillated GPS signals
using complex modulation method. The resulting scintillated GPS signal is processed in a
software receiver and compared to real RO scintillation events for evaluation in Chapter four.
Moreover, outputs from the software receiver are used for performance analysis of the software
receiver during ionospheric scintillations in Chapter five.
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Chapter Four: SIMULATED SCINTILLATION OBSERVATIONS
This chapter describes the generation of scintillated GPS signals using the simulator developed
in Chapter three. In addition, an experimental method to simulate ionospheric scintillation for
GPS signals is introduced which extracts scintillation-induced perturbations directly from real
observations and adds them to a nominal GPS signal.

Typically, intensity and phase scintillations are measured by intensity and phase scintillation
indices called

and

. Section 4.2 explains the standard method of measuring these

parameters from receiver outputs and provides examples using experimentally simulated data.
Then, in order to validate the simulation algorithm in Chapter three, its results are compared to
results from experimental data. This chapter concludes with analysis for tests performed on
simulated and real scintillation scenarios.

4.1 Simulation Setup
Simulating GNSS Intermediate Frequency (IF) signals enables receiver performance testing in a
laboratory setting which provides user control over parameters that impact receiver performance,
such as location, atmospheric and ionospheric errors, clock errors, multipath, RF interference,
etc. An accurate setup allows different test runs to be analyzed under varying controlled
conditions [Jayawardena et al., 2014].
The simulation performed in the context of this research involves generation of perturbations
with similar characteristics to real world high frequency perturbations induced by ionospheric
irregularities. These perturbations are then added to non-scintillated signals produced by a GNSS
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hardware simulator. In this research, a SPIRENT GSS770 simulator is used for which output is
collected by an RF front-end. In general, a GPS receiver includes a signal amplifier which
amplifies the power of the signal received by the antenna. This signal is extremely weakened due
to path loss. The output of SPIRENT hardware receiver is therefore first amplified using a lownoise amplifier that adds about 30 dB gain to the signal and then it is collected using the National
Instrument (NI) PXI front-end. As required, other noise sources such as receiver thermal noise
are included to generate data close to real world conditions. The resulting IF samples are
processed by the GSNRx™ software receiver. GSNRx™ (GNSS Software Navigation Receiver)
is a C++ class-based multi-frequency multi-constellation GNSS receiver developed in the PLAN
group at the University of Calgary. This software receiver is capable of processing raw IF
samples from a GNSS front-end in various modes. It acquires and tracks incoming signals and
generates measurements for further data processing.
The rest of this section explains two methods that have been exploited in this work to add
scintillation perturbations to non-scintillated GPS signals and the process of data simulation.
4.1.1 Scintillation Simulator
Simulated intensity and phase scintillation time series are obtained using the technique explained
in Chapter three. Assuming a virtual receiver onboard the desired LEO satellite, the orbital
parameters of the satellite (e.g., CanX-2, CHAMP, etc.) are provided to the SPIRENT GSS 7700
hardware signal generator to create GPS signals. Atmospheric and ionospheric effects are not
included as this is added to the signal later. Since SPIRENT does not account for bending of GPS
signals the occulting satellite is not shown as visible by the simulator during actual occultation
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events. However, the geometry of SVs with negative elevation angles (down to approximately 30 degrees) can be assumed consistent with signals that propagate through the ionosphere.
Geometry information of all visible satellites can be extracted from radio occultation predictor
(ROP) tool as described in Section 3.4.2. Signals from satellites with desired geometry are
simulated, amplified and collected by the front-end to be modulated by scintillation time series.

The non-scintillated GPS signal is scintillated via a complex modulating algorithm: adding phase
scintillation to the phase of the nominal signal and multiplying square root of intensity
scintillation by the signal amplitude. The signal is then attenuated by adding Gaussian noise to
simulate receiver thermal noise. Finally, the generated digital signal samples are processed by
the software receiver. The block diagram shown in Figure 4.1 summarizes the signal generation
technique using this method.

SPIRENT GSS-7700

LNA

NI PXI-5660

Thermal noise
S(t)

Geometry
information from
ROP

MPS scintillation
simulator

Z(t)
Scintillated
GPS signal

To be processed by GSNRx

Figure 4.1. Data simulation using scintillation simulator outputs. Simulated perturbations are
modulated on non-scintillated GPS signals generated by SPIRENT. Radio occultation predictor
(ROP) tool provides RO geometry information.
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4.1.2 Experimentally Extracted Scintillation Perturbations
Most of the studies that have been performed to analyze ionospheric effects on GNSS receiver
performance use statistical models to simulate desired scintillation characteristics [e.g. Skone et
al., 2005; Humphreys et al., 2009]. In this research, in addition to using such statistical modeling
through MPS scintillation simulator (described in previous section), an experimental method to
simulate ionospheric scintillation on RO signals is employed. This method is modeled after
Jayawardena et al. [2014] and is modified for RO scenarios. Scintillation-induced perturbations
are extracted from real RO observations. Then these perturbations are added to non-scintillated
RO signals generated by the SPIRENT hardware simulator. Simulated data generated with this
method contain characteristics of real RO scintillation (but are limited to only those scintillation
characteristics observed in the RO data set).
4.1.2.1 High Latitude Radio Occultation Scenarios
Real CHAMP RO data from the year 2003 are used to extract scintillation information exploited
in the simulations. The CHAMP satellite was launched in 2000 into an almost circular near polar
(inclination=87º) orbit with an initial altitude of 454 km. RO measurements are made as the
orbiting satellite moves into a geometry that occults the GPS satellite behind the Earth’s limb.
CHAMP RO observations include the SNR and phase measurements along the raypath of the
signal as well as positions and velocities of occulting GPS and LEO satellites.

CHAMP was active during high solar activity in 2003 and several high latitude occultation
events were recorded during severe ionospheric activities. Figure 4.2 shows large southward
Interplanetary Magnetic Field (IMF)

values and large Kp values during October and
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November 2003 that imply strong auroral and polar ionospheric activities. Days with high Kp
index (Kp > 5) and negative

conditions are associated with geomagnetic storms during this

period.

Figure 4.2. Records of IMF

and Kp for October and November 2003.

4.1.2.2 Generating Experimental Scintillation effects
Scintillation effects which appear as signal perturbations are extracted from analysis of real RO
data at 50 Hz sampling frequency. For this purpose, high-rate signal intensity and excess phase
observations of real RO GPS L1 signals are used. Figure 4.3 shows normalized signal amplitude
and detrended phase delay of a setting RO event. Phase delay is detrended by a 6th order
Butterworth high pass filter with 0.1 Hz cutoff frequency. These data were collected when the
CHAMP satellite was occulting with GPS PRN 10 on October 14, 2003 at 17:26 UT. Intensity
and phase values are plotted as a function of height of straight line (HSL) between LEO and GPS
satellites in km. The IMF

and Kp index are

and

, respectively, during the

corresponding period. This implies that the fluctuations at HSL approximately 100 to 110 km are
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due to ionospheric scintillation. Fluctuations below HSL of 10 km indicate signal noise due to
signal propagation in the lower atmosphere. At altitudes of 80 km or higher, corresponding to E
and F layers of the ionosphere, signals are mostly disrupted by ionospheric scintillations which
are of interest in this thesis.

Lower atmosphere propagation noise

Scintillation fluctuations

Figure 4.3. Normalized L1 signal intensity and detrended phase delay of a RO event on October 14,
2003 at 17:26 UT with Kp=5+ anf IMF Bz=-10 nT. Fluctuations are induced by ionospheric
scintillation at HSL approximately 100 to110 km.

Using the information available in CHAMP level 2 Atmosphere/Ionosphere data, it is possible to
calculate position of the LEO and Tangent Point (TP) for a single RO event. High-latitude and
polar scenarios are considered during moderate and high Kp (high latitude magnetic index)
values associated with higher solar (auroral) activities. Figure 4.4 shows the ground track of the
RO event in Figure 4.3 where it is observed that LEO and TP positions are located at high
latitude regions.
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* LEO Position
* TP Position

Figure 4.4. Ground track of LEO and TP positions of the RO event in Figure 4.3.

To isolate scintillation perturbations in the real data, all non-scintillation low frequency noise and
errors should be removed from the signal and retain only scintillation dynamics: i.e. detrending.
For this purpose, amplitude observations are normalized with respect to their low pass filtered
values and phase observations are filtered with a 6th order Butterworth high pass filter with cutoff
frequency of 0.1 Hz. The process of detrending is described in detail in Section 4.2. It is possible
to weaken or intensify these effects by scaling them by different factors. Real data perturbations
are added to non-scintillated GPS data generated by the SPIRENT simulator through a user
control define (UCD) file which is loaded into the hardware simulator. UCD file contains 50 Hz
data of the isolated amplitude and phase scintillation measurements that are then added to desired
satellite signal at the desired time. Table 4.1 shows UCD file format which is readable by
SPIRENT.
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Table 4.1. UCD file format which is loaded into SPIRENT simulator. Scintillation imposed
perturbations are added to nominal signals.
Column

Data

Example

1

Day

00

2

Hour

00

3

Minute

06

4

Second: millisecond

01:80

5

MOD

MOD

6

v1_a1

v1_a1

7

Occulting constellation

gps

8

Occulting PRN

10

9-13

Zero

00000

14

Normalized scintillation power

0.246

15

Detrended scintillation phase

0.005

4.1.2.3 Signal Simulation
Figure 4.5 shows the block diagram of data generation using experimentally extracted
scintillation perturbations. Orbital parameters of the LEO satellite (CHAMP here) are provided
to the SPIRENT simulator to create a virtual receiver assumed onboard the LEO and thus
generating desired dynamics and geometry. The desired UCD file is also loaded for the scenario.
The simulator uses an update rate of 50 Hz to combine the perturbations to the nominal GPS
signal. The default amplitude of the signal is -130 dBm providing an average

of 45 dB-Hz

at the receiver. Output scintillated simulations are amplified and then input to the NI PXIe- 1075
front-end with sampling rate of 20 MHz. The resulting IF samples are ready to be processed by
the GSNRx™ software receiver.
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Real RO data
Detrending

LEO orbital parameters

Create
UCD file

SPIRENT GSS-7700

LNA

NI PXIe-1075
Scintillated
GPS signal

To be processed by GSNRx

Figure 4.5. Data simulation using experimentally extracted scintillation perturbations.

Figure 4.6 compares simulated and real normalized signal intensity and phase rate of change (

)

for the RO event in Figure 4.3. As stated previously, this is a setting RO event and signal
fluctuations after time of approximately 110 seconds in Figure 4.5 correspond to the signal
propagation through the lower atmosphere, which is outside the scope of this research.
Considering Figure 4.6, during quiet times, higher normalized signal intensity and phase rate of
changes are obtained for simulated data which may be associated with the errors imposed by the
hardware used in simulation process. Nevertheless, simulated scintillation fluctuations are
similar to actual fluctuations and can follow the trend that was observed in real world. Hence, it
is concluded that this method can accurately extract real simulation perturbations and impose
them on the non-scintillated data generated under more controllable circumstances. This is
beneficial in that variety of test cases can be generated and analyzed under laboratory conditions
with known factors.
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Figure 4.6. Normalized signal intensity and phase rate of change (

) of real CHAMP (black) vs.

simulate (red) RO data corresponding to the case shown in Figure 4.3.

4.2 Scintillation Measurement
Assuming the scintillated signal at the receiver as

, where

is signal amplitude and

is signal phase, it can be described as follows [Hegarty et al., 2001]

(4.1)
(
where

(

)

represents the nominal non-scintillated signal with nominal amplitude

and nominal phase
and phase

)

and

is the scintillation signal with normalized amplitude

.
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Most of the GPS receivers such as low-cost commercial and off-the-shelf receivers usually do
not provide the amplitude and phase scintillation information directly.
To determine the strength of scintillation activity, intensity scintillation index ( ) is used which
represents the normalized standard deviation of signal intensity ( ) via [Van Dierendonck et al.,
1993]

〈
√

where

denotes the total

〉
〈

〈 〉
〉

(4.2)

before eliminating the effects of ambient noise as well as signal

intensity variations due to changing range and multipath.

is defined as the difference between

the signal’s narrow-band power (NBP) and wide-band power (WBP) measured over the same
interval as

every 20 ms as follows [Van Dierendonck et al., 1993].

(∑ )

(∑

)

(4.3)

(4.4)
∑(

)
(4.5)

and

in Equations (4.3) and (4.4) represent the 1 kHz in-phase and quadraphase accumulation

outputs of the channel correlators. To obtain actual
noise need to be removed: i.e.
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, low frequency trends and the ambient

〈
√

where

represents detrended SI and

noise, which for a given

〉
〈

〈

〉

denotes the intensity scintillation due to ambient

level is defined by [Van Dierendonck et al., 1993]

(

Phase scintillation

(4.6)

〉

)

is characterized by phase scintillation index (

(4.7)

) which is the standard

deviation of the phase as

√〈

〉

(4.8)

is the high-frequency portion of the carrier phase and is not measured by the GPS receiver
directly. However, it can be obtained by detrending of the carrier phase.
4.2.1 Detrending Signal Intensity
To detrend signal intensity, 50 Hz raw intensity measurements (from Equation (4.5)) are first
filtered by a 6th order low-pass Butterworth filter with 0.1 Hz cutoff frequency. Then, the
normalized detrended signal intensity is obtained from

(4.9)
( )

(
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)

A scintillation RO signal generated with real scintillation perturbations (derived experimentally)
is used in this section to illustrate examples of intensity and phase scintillation measurements.
Only ionospheric scintillation fluctuations are investigated; hence, signal propagation through
the lower atmosphere is omitted from the signal. Figure 4.7 depicts raw (
(

), and detrended normalized (

), low-pass filtered

) signal intensities for first 60 seconds of simulated data

for the RO event shown in 4.6 (simulated data is plotted in Figure 4.6 in red). The intensity
scintillation index

is calculated over 1 second intervals9 and shown in Figure 4.7.c The

intensity scintillation index varies between about 0.1 to 0.6. This

range usually corresponds to

moderate-to-strong scintillation levels.

Figure 4.7. Raw and detrended signal intensity, and intensity scintillation index ( ) for simulated
RO event shown in Figure 4.6. A 6th order low-pass Butterworth filter is used for filtering raw data.

9

For ground-based studies, amplitude and phase scintillation parameters are usually measured and reported every
60 seconds. However, because of the short duration of RO events, these variables are usually given for 10 or 1
second intervals (http://cdaac-www.cosmic.ucar.edu). Throughout this work, 1-second scintillation indices are
calculated.
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4.2.2 Detrending Carrier Phase
Similar to the signal intensity processing, 50 Hz phase measurements are high-pass filtered to
eliminate low-frequency errors such as integrated Doppler due to transmitter-receiver motion,
clock effects and multipath. Typically, a 6th order high-pass Butterworth filter with 0.1 Hz cutoff
frequency is used for filtering 50 Hz phase measurements [Van Dierendonck et al., 1993]. For
the same RO signal shown in Figure 4.7, raw and detrended carrier phase measurements along
with calculated phase scintillation indices (

) in units of radians over 1 second intervals are

illustrated in Figure 4.8.
Based on intensity and phase scintillation (

) parameters in Figures 4.7.c and 4.8.c, about

17 seconds of moderate and strong scintillation activity can be detected during the tracking
process (the data with phase scintillation indices that approach unity). However, in processing
high latitude scintillation activities the traditionally used cutoff frequency of 0.1 Hz can lead to
overestimation of phase scintillation index [Forte and Radicella, 2002]. One key problem is
unknown relative motion between the ionosphere and the satellites which can shift scintillation
effects towards higher frequencies. These effects will be investigated in detail in Chapter five.
Instead of only relying on a single parameter which is exposed to uncertainties such this, the
phase scintillation can be also characterized using its phase spectrum strength (
and the spectrum index ( ) above 0.1 Hz cutoff frequency (see Section 4.3.2).
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) at 1 Hz

(b)

(a)

(c)

Figure 4.8. Raw and detrended carrier phase, and standard deviation of detrended carrier phase
( ) for simulated RO event shown in Figure (4.6). A 6th order high-pass Butterworth filter is used
for filtering raw data.

4.3 Validation of Scintillation Simulator
In order to validate the scintillation simulation method, comparisons must be conducted of
simulations versus experimental results. For this purpose, the scintillation simulation algorithm
introduced in Chapter three and Section 4.1.1 is evaluated through comparison with real RO
scintillation data.
4.3.1 Real Radio Occultation Data
Real RO scintillation data - provided by German research centre for Geosciences (GFZ) - was
collected in October 2003 during high solar activity periods (see Figure 4.2). Figure 4.9 shows
RO signal SNR during two occultation events with respect to height of straight line (HSL)
between LEO and GPS satellites in km. Left panel in Figure 4.9, referred to as Case 1,
corresponds to the example shown in Figures 4.3 and 4.4. Right panel, referred to as Case 2,
shows SNR of RO event when CHAMP satellite was occulting with PRN 29 on October 30,
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2003 at 00:49 UT. The IMF

and Kp index were

and

during the corresponding

period. Both events are setting RO events. Fluctuations below HSL of 10 km correspond to the
lower atmosphere noise. SNR fluctuations above HSL of 80 km indicate signal disruption due to
ionospheric scintillations at E and F layers of the ionosphere. Scintillation fluctuations are of
interest for evaluation in this section.

Figure 4.9. RO signal SNR with respect to height of straight line between GPS and LEO satellites.
(a) Case 1: RO event on October 14, 2003 at 17:26 UT with starting tangent point at 77°N and LEO
at 68°N and Kp= , and (b) Case 2: RO event RO event on October 30 2003 at 00:49 UT with
starting tangent point at 74ºS and LEO at 61ºS and Kp = .

Normalized signal intensity and detrended phase delay of Case 1 and Case 2 with respect to
event time are shown in Figure 4.10. Fluctuations induced by lower atmosphere noise are not
shown in this figure.
The next subsection analyzes the power spectrum of these events for characterizing scintillation
and deriving required parameters for scintillation simulation.
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(a)

(b)
Figure 4.10. Normalized signal intensity and detrended phase delay with respect to event time: (a)
Case 1, and, (b) Case 2.

4.3.2 Power Spectrum Analysis
It is shown in Beach [2006] that

does not suitably characterize phase scintillations. Instead,

phase scintillation can be represented by phase spectrum strength at 1 Hz frequency,

. The

spectral density function (SDF) of amplitude and phase scintillation follows an inverse powerlaw relationship of the following form (see Section 3.3.2)
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( )

Assuming

(4.10)
(

)

[Rino 1979], the SDF can be approximated as

(4.11)

( )

where

is the frequency of phase and intensity fluctuations in Hz,

is the spectrum index and

is the power spectrum slope.
Considering Figure 4.10, a few seconds of each event (i.e. second 21 to 37 of Case 1 and second
16 to 34 of Case 2) represent the highest level of intensity and phase fluctuations in each event
plot. For such segments of data, the intensity and phase scintillation spectrums are calculated
using the normalized signal intensity and detrended phase measurements, respectively, and
plotted in Figures 4.11 and 4.12 for each case.
The spectrum parameters,

and , are calculated by linearizing the power-law relationship in

Equation (4.11) as follows [Zhang et al., 2010].

(

( ))

(

To implement the linearized power-law equation,

)

( )

(4.12)

data points from the linear section of power

spectrum are considered (the linear section is selected visually). Then, Equation (4.12) can be
represented in the matrix format of
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(4.13)
where

( )
( )

[

(4.14)
]

( )

T

(

0

[

)

1

(4.15)

(

( ))

(4.16)

(

( ))

(

( ))]

A unique solution to the matrix of unknowns

can be obtained from the linear least square

algorithm such as

(

)

(4.17)

Linearly fitted power-low spectrum is calculated for the linear section of the power spectrum of
each signal and illustrated in Figures 4.11 and 4.12 for each case.
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Figure 4.11. Intensity scintillation power spectrum and linearized power-law fitting for Case 1 (top)
and Case 2 (bottom).
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Figure 4.12. Phase scintillation power spectrum and linearized power-low fitting for Case 1 (top)
and Case 2 (bottom).
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A larger value for

indicates stronger scintillation activity. Based on Figure 4.11, the

strength of intensity spectrum at 1 Hz frequency for Case 1 is found to be
and for Case 2

. This implies that Case 2 signal experiences a stronger

intensity scintillation compare to Case 1. Similarly, the strength of phase scintillation spectrum at
1 Hz frequency

is considered as an indicator of phase scintillation level - which from

Figure 4.12 is about

and

for Cases 1 and 2,

respectively. Therefore, it can be concluded that the RO signal in Case 2 is affected by stronger
scintillation activity than Case 1.
4.3.3 Evaluation of Scintillation Simulation Model
The results of processing real RO data for Case 2 shown in Figure 4.10 (i.e. the phase spectrum
strength at frequency of 1 Hz

, and the spectral index

) are used in the scintillation

simulator (introduced in Chapter three) to generate simulated scintillation perturbations.
Assuming spectral index

(derived from real data) and turbulent strength

, about 5 seconds of intensity and phase scintillation time series are generated and
illustrated in Figure 4.13. Phase spectrum strength of the simulated scintillation record is
and theoretical intensity scintillation index (see Equation (3.30)) is
for this simulation.
Real scintillation fluctuations are imposed on nominal GPS data generated by the hardware
simulator (see Section 4.1.2). Average real intensity and phase scintillation indices,

and

,

are calculated for duration of scintillation observations (seconds 16 to 34 in Figure 4.10.b). Table
4.2 compares the results of simulated scintillation realizations with real data findings. Simulation
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results are in good agreement with

and average

information derived from real data.

However, standard deviation of simulated phase is less than real data. This can be due to over
estimation of phase scintillation index, using Butterworth filter with 0.1 Hz cutoff frequency, for
filtering real scintillation fluctuations. Further analysis about the effect of detrending methods on
scintillation parameters will be presented in the next chapter.

Figure 4.13. Simulated intensity and phase scintillation realization on GPS L1 signal using the
scintillation simulator for Case 2 scenario, with
and
.
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Table 4.2. Comparison of scintillation parameters of real data vs. simulated scintillation realization.
Standard deviation of
(dBrad2)

phase,

Real data

-39

0.32

0.34

Simulation

-37

0.29

0.17

(rad)

As described in Chapter three, the scintillation simulator assumes that all ionospheric
perturbations are concentrated on one phase screen at the altitude of 350 km (IPP point). That
single-phase perturbation screen is then followed by several refraction layers. In other words,
regardless of where ionospheric disturbances are physically present, accumulated effects are
superposed on the signal as a whole. This is not a mathematically unique approach but it
effectively reduces simulation complexity. With proper selection of simulator input parameters
and

( ), close to real results can be obtained. Here,

experimentally from real data and may differ from case to case.
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and

are derived

Chapter Five: SCINTILLATION MEASUREMENT METHODS AND RECEIVER
PERFORMANCE ANALYSIS
Ionospheric intensity and phase scintillations can affect GNSS receivers at the tracking loop
stage. Intensity scintillation results in signal amplitude fading. Severe fading conditions can drop
the signal strength below the receiver lock threshold and cause signal loss or cycle slips. Phase
scintillation induces a frequency shift in the received signal carrier. If this frequency shift
exceeds the phase lock loop bandwidth, receiver loses lock on the signal and needs to reacquire
it. Because of its higher dynamics, tracking scintillated RO signals can be more challenging for
onboard receivers. Figure 5.1 shows an example of a challenged receiver during an occultation
event on October 30, 2003 at 19:54 UT. Starting tangent point (TP) latitude is located at 68°N.
Signal SNR is plotted against height of straight line (HSL) between a GPS satellite (PRN23) and
LEO satellite (CHAMP). The effect of a sporadic E layer at HSL about 135 km results in loss of
phase lock on the signal.

Figure 5.1. Example of CHAMP setting occultation where lock on GPS L1 C/A signal is lost due to
strong ionospheric scintillation.
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This chapter includes sample results generated using the tools developed in previous chapters.
Scintillated observations are processed with a state-of-the-art receiver. First, methods of
scintillation data processing are described and evaluated using real scintillation fluctuations
observed on RO signals. Then, intensity and phase scintillation parameters are calculated and
different methods for scintillation measurements are investigated. This chapter concludes with
RO receiver performance analysis during scintillation events from weak to the most challenging
circumstances. In all tests, simulated scintillation data are generated from perturbation time
series modulated on nominal GPS RO signals to conduct analysis.
5.1 Methods for Detrending Scintillated Signals
Scintillated GNSS signals are detrended to gain information about the magnitude of phase and
amplitude scintillation. In theory, the Fresnel frequency defines spectrum of scintillation
fluctuations versus non-scintillation, both for amplitude and phase, and may be used as the cutoff
frequency of the detrending filters. This parameter depends on relative drift between ionosphere
and the satellites, distance between observer and ionospheric irregularity and signal wavelength
(frequency) as defined below [Forte and Radicella, 2002].

√
, , and

(5.1)

in Equation (5.1) denote the relative drift, signal wavelength and the distance to

the phase changing screen, respectively. Most scintillation studies suggest using a 6 th order
Butterworth filter with constant cutoff frequency of 0.1 Hz [Van Dierendonck et al., 1993]. This
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cutoff frequency was originally designed for ground studies in equatorial and mid-latitude
regions, where the values of

and

can be approximated by estimated constants. However,

at high-latitudes ionospheric irregularity drift values are usually higher, causing the true Fresnel
frequency to increase [Forte and Radicella, 2002]. Also, for RO applications the value of

is

varying and cannot be replaced by a constant. Considering these factors, a conventional 6 th order
Butterworth filter with 0.1 Hz cutoff frequency may not effectively remove non-scintillation
fluctuations.
In the following, different detrending filters are introduced and their effectiveness is analyzed.
5.1.1 Conventional Butterworth Filter
Since it is hard to calculate the values of

for every location and time, conventional ground-

based receivers used for scintillation monitoring employ a fixed approximation of cutoff/Fresnel
frequency of 0.1 Hz. This value was originally chosen for particular wideband experiments
[Fremouw et al., 1978]. A 6th order Butterworth filter is used to filter GNSS data; this is typically
used in commercial ionospheric scintillation monitors.

5.1.2 Cascaded Filters
When using a high order causal filter, a phase shift is imposed between input and output of the
filter. Thus, unrealistic large scintillation indices can appear which are not corresponding to
scintillation severity. To overcome the problem of phase shift, Ghafoori and Skone [2014]
suggest implementation of a cascade of first-order filters instead of one high order causal filter.
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The Laplace transfer functions of first-order high-pass and low-pass filters are given by
[Ghafoori and Skone, 2014]

where

is the corner frequency and

( )

(5.2)

( )

(5.3)

is the high/low-frequency gain. Cutoff frequency

in both cases is obtained by solving the following equation.

| (

By replacing

as

| (

)|

√

| (

(5.4)

)|

)| and solving Equation (5.4) for both high-pass and low-pass filter

transfer functions in Equations (5.2) and (5.3), cutoff frequency is obtained as

.

When

first-order filters are cascaded to form a

of

, the relationship between corner (cutoff) frequency of each inner first-order high-pass

and low-pass filters and

-order filter with overall cutoff frequency

are, respectively, calculated from [Ghafoori and Skone, 2014]

(5.5)
|

(

)|

( )
√

√

(

(5.6)
)

√
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and

(5.7)
|

(

)|

(

√

(

)

(5.8)

(

should be

)

)

Hz, the cutoff frequency

Hz; and to have a 6th order low-

of each inner first-order high-pass filter should be
(

)

√

For example, to build a 6th order high-pass filter with

pass filter with

√

Hz, the cutoff frequency of each inner first-order low-pass filter

Hz.

5.1.3 Wavelet Filtering
5.1.3.1 Wavelet Transform
Using Fourier transform, the relationship between time and frequency of the signal becomes
unknown. Wavelet transform, however, constructs a time and frequency (scale) representation of
the signal features and thus preserves the information about local frequencies and harmonics.

The wavelet transform is based on a set of basic functions called mother wavelet. Continuous
wavelet

( ) function is defined with a mother wavelet function

( )

(
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)

( ) as

(5.9)

In Equation (5.9),

is called wavelet scale and it is a representation of Fourier period or inverse

frequency. In this research Morlet mother wavelet function is used, which is defined as [Torrence
and Compo, 1998]

( )
where

(

)

(5.10)

is the non-dimensional frequency (taken to be 6). Morlet wavelet function in time and

frequency domains in shown in Figure 5.2. Morlet wavelet is chosen here because of its small
time-bandwidth product that provides good time and frequency resolution.

Figure 5.2. Morlet wavelet function in time (left) and frequency (right) domains.

A time series

with equal time spacing

(

sec for 50 Hz GPS data) and

is assumed. The continuous wavelet transform of
defined as its convolution with a scaled and translated version of
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at time
( ) as

with a given scale

is

(

)

(
6

∑

)

(5.11)
7

where ( ) represents complex conjugate. By the convolution theorem, the wavelet transform is
the inverse Fourier transform of the product

(

where

and

,

)

,

∑

(5.12)

-

- are Fourier transformed functions of

and

(

). Also, the wavelet

function at each scale is normalized to have unit energy. Thus

(5.13)
(

and

)

(

)

(

)

represents the angular frequency and is equal to

⁄

[Torrence and Compo, 1998].

For a particular wavelet function, the relationship between Fourier frequency and wavelet scale
can be derived analytically by substituting a cosine wave of known frequency into Equation
(5.12). For the Morlet wavelet with

, this gives a value of

that wavelet scale is approximately equal to inverse Fourier frequency.

Wavelet scales are discretized as fractional powers of two as
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(

), indicating

(5.14)

where

,

, and

(

Note that

(

(5.15)

))

should be chosen large enough to account for low frequencies (190 in this work)

[Torrence and Compo, 1998; Mushini et al., 2011].

Filtering raw signal by wavelet can be performed as

4

where

is the filtered signal,

( )

(

5∑

( (

(5.16)

))

) are wavelet coefficients for a given scale

and

the reconstruction factor and its value is empirically derived to be 0.776. The factor
equal to

[Torrence and Compo, 1998]. In Equation (5.16),

and

is

( ) is

represent lower and

upper cutoff scales (or equally cutoff frequencies).

5.1.3.2 Time-Scale Spectrum Analysis

Applying wavelet transform on amplitude and phase data of GNSS signals makes it possible to
perform a two-dimensional scale/frequency-time spectral analysis. For each fixed scale
represents the original time series

at that scale [Materassi and Mitchell, 2007].
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(

)

Wavelet coefficients of raw amplitude and phase time series obtained from Equation (5.12) can
be used to construct wavelet statistical energy plots called scalograms. The wavelet statistical
energy is defined as [Mushini et al., 2011]

(

)

| (

)|

(5.17)

Scalograms show the power spectra of the signal as a function of scale/frequency-time.

The typical power distribution of a GNSS signal varies when the signal experiences moderate-tostrong scintillation events compared to quiet propagation scenarios. To study this effect, four real
scintillation observations during RO events from CHAMP mission are considered. Date, time,
starting TP location and starting LEO location of these four scenarios, which are referred to as
Cases 1 to 4 hereafter, can be found in Table 5.1. Tangent points of these RO events are located
at high latitudes and are selected from times with moderate to high Kp index (Kp>5), associated
with high-latitude ionospheric activities.

Normalized GPS L1 C/A signal intensities of Cases 1 to 4 are shown in Figure 5.3 as a function
of HSL between GPS and LEO satellites. Fluctuations induced by scintillation conditions can be
seen at altitudes 80 km or higher. Fluctuations below HSL of 10 km are associated with signal
propagation in the lower atmosphere.
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Table 5.1. Radio occultation events from year 2003 studied in this section.
Occulting

Starting TP

Starting LEO

PRN

latitude

latitude

5+

10

77ºN

68°N

00:49

8+

29

74ºS

61ºS

October 29

06:54

9

30

57ºN

70ºN

October 29

12:33

7+

24

56ºS

46ºS

Case

Date

UT

Kp

1

October 14

17:26

2

October 30

3
4

Figure 5.3. Normalized L1 C/A signal intensity for four high latitude scintillated RO events
described in Table 5.1.
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Following the empirical simulation method explained in Section 4.2.1, IF samples for Case 1 to 4
RO events are generated. Using Equation (5.17) the calculated scalograms of raw amplitude and
phase for Cases 1-4 RO data are plotted and shown in Figures 5.4 and 5.5, respectively. Three
levels of power distributions can be observed in the RO signal scalograms:
1. Large-scale/low-frequency band (scales > 10 s), which is related to fluctuations due to
satellite motion, multipath, and other slow variations.
2. Mid-scale/mid-frequency band (0.1 to 10 s), where signatures of scintillation are
observed.
3. Small-scale/ high-frequency band (scales < 0.1 s), associated with noise in the signal.
Most of the power of the signal resides in the first band. Also, during the periods in which
ionospheric scintillations occur (first 10-50 seconds of the scalograms in Figures 5.4 and 5.5),
variations in power of the signal can be observed. Prior to computing scintillation indices, the
portion of the spectrum due to scintillations must be obtained from raw data.
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Figure 5.4. Multi-scale power spectrum from raw amplitude scalogram of GPS L1 C/A signal for
Cases 1-4. Color-bar shows log-normalized power.
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Figure 5.5. Multi-scale power spectrum from raw phase scalogram of GPS L1 C/A signal for Cases
1-4. Color-bar shows log-normalized power.

RO receivers are not static (LEO satellites are moving at a speed of about 7 km/sec). Therefore,
in Equation (5.1) higher

and consequently higher

is expected compared to scintillation

signals collected on the ground. This is also concluded experimentally by studying scalograms of
high latitude scintillation RO events from CHAMP during October 2003. Sharp vertical
structures in the scalograms of Figures 5.4 and 5.5 associated with scintillation conditions are
located at approximately scales between 0.4 to 7 seconds (or frequency range 0.15 to 2.5 Hz)
suggesting a cutoff frequency of about 0.15 Hz for the filtering process of raw RO signals.
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5.2 Detrending Effects on Scintillation Studies
Conventional scintillation receivers use a fixed approximate value of the Fresnel frequency and
employ Butterworth filters with 0.1 Hz cutoff frequency for detrending GNSS observations.
However, it has been shown that in some cases this cutoff frequency causes improper detrending
of scintillation data and inaccurate scintillation measurements. It is important to investigate
effectiveness of the introduced detrending methods for the following reasons:


Theoretically, Fresnel frequency (which is used as cutoff frequency in the filter) is not
fixed and is dependent on temporal/spatial factors (see Equation (5.1)). These factors can
be more dynamic in processing of RO signals.



Using conventional 0.1 Hz cutoff frequency for scintillation studies at high latitudes has
demonstrated occurrence of strong phase scintillations in the presence of weak amplitude
scintillations, resulting from improper detrending of phase measurements [Forte and
Radicella, 2002].



Applying time-invariant digital filters such as Butterworth filter may also add to
inaccuracy of scintillation studies, since they cannot appropriately filter non-stationary
signals such as raw GNSS scintillation signals [Mushini et al., 2011].



Some applications tend to translate scintillation indices into an accurate approximation of
receiver tracking error. The estimated tracking error can be used as a weighting factor to
diminish the effect of scintillated observations in positioning and reduce positioning
errors. These applications require accurately calculated scintillation indices with values
between 0 to 1 [Aquino et al., 2007; Strangeways et al., 2011].
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Among the three detrending methods introduced in the previous section, the effectiveness of
using 6th-order Butterworth filter and wavelet transform are compared here. Radio occultation
events shown in Cases 1-4 are considered.
5.2.1 Calculated Scintillation Parameters
The IF in-phase and quadraphase (I and Q) samples from processing scintillated GPS L1 C/A in
GSNRx™ are used to calculate detrended signal intensity and
derived carrier phase time series is detrended to calculate

values. In the same way, the

indices. These indices are generated

for 1-second periods using the standard approach described in Section 4.2. As the interest in this
thesis is ionospheric scintillation, signal propagation through lower atmosphere is omitted from
data time series.
The effect of cutoff frequency selection on calculated scintillation indices is shown in Figure 5.6
for RO event corresponding to Case 2. Sixth-order Butterworth filters with 0.1 Hz and 0.15 Hz
cutoff frequencies are used for comparison. From Figure 5.6,

calculation is not affected by

small variation in the cutoff frequency of the Butterworth filter. However, during the period of
scintillation observation (seconds 16 to 34 of this data) higher cutoff frequency filters more noise
and provides lower

values.

Figure 5.7 compares detrended signal intensity and carrier phase of RO event in Case 2 using
conventional Butterworth filter with the suggested cutoff frequency of 0.15 Hz and wavelet
filtering with lower and higher cutoff frequencies of 0.15 and 2.5 Hz, respectively. Wavelet
method provides slightly less noisy results compared to Butterworth detrended signals. This is
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more notable in detrended carrier phase signals in Figure 5.7(d) and 5.7(f).
each method are almost equal, while

values derived via

values derived with wavelet method are slightly lower.

Average measured scintillation parameters using different cutoff frequencies and detrending
methods are summarized in Table 5.2 for RO scenarios corresponding to Cases 1-4. Only
scintillation periods are considered. From this table, the following results are concluded:


All four RO events experience weak to moderate scintillations.



Selection of cutoff frequency does not have a noticeable effect on
However, this cutoff frequency can affect

calculation.

values. This effect is more evident when

stronger scintillation is observed.


With equal cutoff frequency, calculated scintillation parameters vary slightly using
different detrending methods. This effect is more notable as scintillation level increase.

Figure 5.6. Calculated scintillation indices using Butterworth filters with 0.1 Hz and 0.15 Hz cutoff
frequencies for RO scintillation event corresponding to Case 2.
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Figure 5.7. (a and b) L1 C/A raw amplitude and carrier phase of RO scintillation event
corresponding to Case 2, (c-f) comparison of detrending performance between Butterworth
(
Hz) and wavelet filtering methods, (g and h) derived scintillation indices via each
method.
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5.2.2 Correlation between Scintillation Parameters
The correlation between

and

5.8 shows the relationship between

values have been investigated here. As an example, Figure
and

parameters for RO events of Case 2. Correlation

coefficients between scintillation parameters are calculated and listed in Table 5.2 for Cases 1-4.
In the case of weak scintillations, the intensity scintillation parameter is dominated by noise.
Therefore, there is low correlation between scintillation parameters for weak scintillation events
(Cases 3 and 4). Nevertheless, moderate scintillation observations (Cases 1 and 2) demonstrate
an increased correlation between scintillation parameters. In all cases, wavelet detrending results
in a larger correlation coefficient.

Figure 5.8. Relationship between

and

indices for RO event corresponding to Case 2.
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Table 5.2. Average value of calculated scintillation parameters using different detrending methods
for RO events corresponding to Cases 1-4.
Average

Average
RO event Case
Hz

Corr(

)

1

2

3

4

1

2

3

4

1

2

3

4

0.22

0.32

0.14

0.23

0.23

0.34

0.17

0.12

0.73

0.74

0.38

0.45

0.22

0.32

0.14

0.23

0.20

0.33

0.17

0.12

0.73

0.79

0.39

0.46

0.19

0.31

0.12

0.22

0.16

0.28

0.16

0.12

0.74

0.81

0.40

0.55

Butterworth
Hz

Wavelet

5.3 Simulated Scintillation Time Series
To study the performance of a space-borne GPS receiver in estimating scintillation parameters,
ionospheric irregularities, several scintillation realizations are simulated here following the
procedure described in Section 3.4.
For simulations, signal transmitter is chosen to be GPS satellite PRN29 and a virtual receiver is
assumed on CHAMP satellite, whose TLE corresponding to October 29, 2003, is provided as
input to the RO predictor. Outputs from the predictor are loaded to the scintillation simulator. A
single phase screen is assumed on a shell around the Earth at 350 km height. For the spectral
index

, which is a common value for high latitudes [Fremouw et al., 1985], and various

turbulent strength values, different levels of phase and intensity scintillation time histories are
generated. For each dataset, the magnitude of phase scintillation power spectral density
(dBrad2/Hz) and intensity scintillation index

are determined using Equations (3.45) and

(3.30), respectively. Geometry and anisotropy corrections are applied in calculation of
as described in Appendix II.
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index

5.3.1 Scintillation Scenarios
and

represent phase and intensity scintillation strength, respectively. Different levels of

simulated levels of scintillation activity, investigated in this work, are given in Table 5.3. Values
in this table are derived for GPS L1 C/A signal. In terms of how they affect RO receiver
performance, these scintillation levels can be categorized as follows:


Weak to moderate scintillation, with



Strong scintillation, with



Severe scintillation, with

dBrad2/Hz and
dBrad2/Hz and
dBrad2/Hz and

Table 5.3. Different levels of simulated scintillation assuming
strength, corresponding
and
are provided.

For

.
. For each level of turbulent

Scintillation level

Scintillation
parameters
Turbulent strength
( )
Magnitude of phase
scintillation spectrum
(
) (dBrad2/Hz)
Intensity scintillation
index ( )

.

Weak / Moderate

Strong

(A)

Severe

(B)

(C)

-45

-40

-35

-27

-25

0.08

0.15

0.34

0.60

0.75

and

-20

-14

> 0.80

dBrad2/Hz (Cases A, B, and C in Table 5.3) simulated

intensity and phase scintillation time histories are plotted in Figure 5.9. Severe scintillation
conditions induce fading to intensity of the signal up to 40 dB. As such, phase of the signal
experiences fluctuations up to several radians.
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Intensity and phase scintillation data are simulated on GPS L1 C/A and L2C frequencies and
then modulated on nominal dual-frequency RO signal generated by the hardware simulator and
collected using a two channel NI front-end. For each case, the data set contains few seconds of
quiet (non-scintillated) period at the beginning to give the receiver enough time to acquire
signals successfully and transition to the tracking loop prior to the scintillation event.
Scintillation continues for 20 seconds and a few seconds of quiet data are added at the end of the
series.

Figure 5.9. Examples of simulated intensity (left) and phase (right) scintillation realizations on GPS
L1 C/A frequency corresponding to weak, strong and severe scintillation conditions (Cases A, B,
and C in Table 5.3) from top to bottom.
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5.3.2 Scintillation Characteristics
Prior to looking into scintillation measurements, time-scale spectrum of simulated scintillations
is studied. Raw amplitude and phase scalograms are plotted in Figure 5.10 for data simulated
with

and

. The solid black line shows the scale of 7-seconds which

is equal to Fourier frequency of 0.15 Hz. As observed in the scalograms, scintillation structures
are associated with scales below 7-seconds or correspondingly frequencies higher than 0.15 Hz.
This is compatible with the findings from real data presented in Section 5.1.3. Therefore, 0.15 Hz
is chosen as the cutoff frequency of detrending filters.

Figure 5.10. Raw amplitude and phase scalograms of simulated scintillation with Case B in Table
5.3 (
and
). Color-bar shows log-normalized power.

Intensity and phase scintillation parameters calculated over 1-second intervals corresponding to
three scintillation levels in Figure 5.9 are shown in Figure 5.11 for GPS L1 C/A signal. In
addition to a Butterworth filter with 0.15 Hz cutoff frequency, wavelet transform also has been
implemented for detrending raw observations and deriving these indices. For weak to strong
scintillations (see Figure 5.11, top and middle), intensity scintillation indices ( ) are almost the
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same using Butterworth and wavelet filtering methods. Phase scintillation indices (

), however,

are smaller when wavelet method is used. During severe scintillations (see Figure 5.11, bottom),
wavelet

values are different from Butterworth measurements and outliers with very large

values are observed. Both Butterworth and wavelet
reach up to 5 radians. Wavelet

values increase to very high levels and

measurements are about 20 percent smaller overall.

Time (sec)

Time (sec)

Figure 5.11.
and
values derived for scintillation simulated on GPS L1 C/A signal
corresponding to weak, strong and severe scintillation conditions (cases A, B, and C in Table 5.3)
from top to bottom. Results are calculated using Butterworth filter with 0.15 Hz cutoff frequency
(black) and wavelet filter (red) for detrending raw observations.
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5.3.3 Comparison between Detrending Methods
With the purpose of evaluating Butterworth and wavelet detrending methods, the actual
scintillation amplitude and phase time series created by the scintillation simulator are used to
compute 1-second intensity and phase scintillation indices. The average values of such indices
are compared to calculated scintillation indices from simulated signals which are scintillated with
the same scintillation event (shown in Figure 5.11). The results are summarized in Table 5.4 for
scintillation cases A, B, and C in Table 5.3.
From Table 5.4 it is concluded that for weak to strong scintillation, wavelet method result in
more accurate scintillation indices than Butterworth. For severe scintillations both methods over
estimate phase scintillation index.
Table 5.4. Created vs. measured scintillation indices using Butterworth and wavelet filters. B stands
for Butterworth and W stands for wavelet detrending methods.
Scintillation created

Scintillation measured (average)

Scintillation Case
B

W

B

W

Weak/ moderate (A)

0.16

0.20

0.18

0.17

0.24

0.20

Strong (B)

0.54

0.90

0.58

0.50

1.05

0.95

Severe (C)

0.89

1.07

0.86

0.97

1.83

1.62

5.4 Impact of Ionospheric Scintillation on RO Receiver Performance
The simulation capabilities derived in Chapter four for the scenarios in Table 5.3 may be used to
conduct receiver performance investigations. The purpose of this section is to investigate the
impact of ionospheric scintillations on space-borne receiver performance at acquisition and
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tracking levels for RO signals. Simulations are performed on GPS L1 C/A and L2C signals and
are processed with the generic GSNRxTM software receiver.
5.4.1 Receiver Settings
For acquisition of the signals, the receiver is aided by the geometric Doppler, because the
Doppler frequency is usually out of the range of the receiver standard search space for RO
signals. GSNRxTM tracking outputs contain two indicators: namely frequency lock indicator
(FLI) and phase lock indicator (PLI) in the range [-1, +1]; lock indicators should be close to +1
for good frequency or phase lock. It is empirically determined that FLI and PLI must exceed 0.2
and 0.5, respectively, to ensure frequency or phase lock. FLI is directly proportional to the
estimated frequency error. At each time epoch, , the FLI is expressed as [Borio and O’Driscoll,
2012]

(

)
(5.18)

where

refers to coherent integration time and

and

are prompt correlator outputs.

PLI measures the differential power between in-phase and quadrature components to estimate the
phase alignment between the incoming and local carrier signal replica [Van Dierendonck, 1996]
and is calculated by
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(5.19)

GSNRxTM standard trackers and configurations are listed in Table 5.5. Once the incoming signal
is tracked in the frequency lock loop (FLL), the receiver proceeds to states 1, 2 and 3 when the
value of FLI is high enough. When the receiver achieves phase lock, PLI values are checked and
if higher than threshold the receiver transitions to a more precise tracking loop state. The reverse
procedure is followed for low values of PLI and FLI which can potentially lead to loss of lock
and reacquisition (see Figure 2.2).

Table 5.5. GSNRx standard tracking strategies and configurations.
Frequency/ Phase loop filter
State

Code loop filter

Order

Bandwidth (Hz)

Order

Bandwidth (Hz)

Integration
time (ms)

Tracker

1

Pull-in FLL/DLL

2

8.0

2

1.5

-

2

FLL/DLL

2

8.0

2

1.5

1

3

FLL assisted DLL

2

6.0

1

1.0

1

4

PFLL assisted DLL

3

15.0

1

1.0

5

5

PLL assisted DLL

3

15.0

1

2.5

5

6

Tight PLL assisted DLL

3

15.0

1

0.5

10

Receiver performance is tested under two different conditions. First case is a data set with a quiet
period followed by scintillations. For this type of test, the receiver can successfully acquire
signals and function in the tracking loop when scintillation event occurs. In the second case the
receiver is challenged to start acquiring the signals during scintillation conditions.
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5.4.2 Signal Tracking after Successful Acquisition
Receiver tracking loop performance is tested under weak, strong and severe scintillation events
(in Table 5.3) for GPS L1 C/A and L2C signals. About 20-seconds of simulated scintillation is
modulated on a nominal GPS RO signal after 11 seconds of non-scintillated period. During the
initial quiet time, the receiver is able to acquire the signals and achieve tracking. Therefore, both
L1 C/A and L2C signals are locked in the tracking loop when the scintillation period begins.
5.4.2.1 Lock Indicators
For different simulated scintillation levels (
and

and

corresponding to

dBrad2/Hz, respectively), receiver frequency and phase lock

indicators are plotted in Figures 5.12 to 5.14, respectively. For reference, intensity scintillation
index for L1 C/A signal is also plotted in these figures with its corresponding axis on the right
side of the plots. In Figures 5.12 to 5.14, the dotted vertical black line determines the boundary
from which scintillation fluctuations are added to the signal and the dotted horizontal red line
denotes threshold of the corresponding indicator above which signal lock while tracking is
assured.
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Figure 5.12. Receiver frequency (top) and phase (bottom) lock indicators for a weak simulated
scintillation event corresponding to Case A in Table 5.3 (
and
). The dotted
black line indicates beginning of the scintillation event and the dotted red line shows the acceptable
threshold of the corresponding indicator.

Figure 5.13. Receiver frequency (top) and phase (bottom) lock indicators for a strong simulated
scintillation event corresponding to Case B in Table 5.3 (
and
). The
dotted black line indicates beginning of the scintillation event and the dotted red line shows the
acceptable threshold of the corresponding indicator.
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Decorrelation

Figure 5.14. Receiver frequency (top) and phase (bottom) lock indicators for a severe simulated
scintillation event corresponding to Case C in Table 5.3 (
and
). The dotted
black line indicates beginning of the scintillation event and the dotted red line shows the acceptable
threshold of the corresponding indicator.

From Figures 5.12 to 5.14 the following results are concluded:


Once tracking is achieved, both L1 C/A and L2C signals remain locked in the tracking
loop even during severe scintillation conditions.



As scintillation initiates, both receiver lock indicators decrease. However, for weak
scintillation the receiver subsequently achieves close to unity FLI and PLI values (see
Figure 5.12).



In general, lock indicators are lower and more sensitive to scintillation for L2C tracking.
GPS L2 signal is transmitted on a lower frequency with about 3 dB less power compared
to L1 C/A signal. It is more vulnerable to interference and fading effects and more
unstable in the tracking loop.
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At several times during strong and severe scintillation cases (see Figures 5.13 and 5.14)
low L1 C/A indicator values are accompanied by high L2C indicators. This can occur
because of the decorrelation between GPS signals due to strong scintillations.

5.4.2.2 Tracking States
In Table 5.5 tracking state 6, Tight PLL assisted DLL provides the most precise phase
estimation. When the receiver is in a stable tracking mode, it can achieve and remain in this state
continuously. Increased tracking errors can cause the receiver to revert to PLL or FLL states.
This section examines receiver tracking status during different levels of scintillation.
In the course of weak scintillations, the receiver tracks L1 C/A signal in Tight PLL assisted DLL.
L2C tracking, however, reverts to PFLL assisted DLL (state 4) for a few seconds. This occurs at
a time

seconds in FLI and PLI values in Figure 5.12. Tracking quality during strong and

severe scintillations (Cases B and C in Table 5.3) is shown in Figure 5.15.

Figure 5.15. Tracking modes after achieving lock in FLL/PLL tracking loops during strong and
severe scintillations. L1 C/A and L2C signals are tracked independently.
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5.4.3 Signal Acquisition during Scintillation
The purpose of this section is to challenge the receiver to acquire signals during a scintillation
event and to study the impact of such conditions on receiver performance. In reality, it is possible
that a RO signal travels through ionospheric irregularities as it is being acquired. RO events
usually last for just a few minutes and by the time the receiver is able to achieve acquisition, the
event might be completed.
Similar to the previous section, 20 seconds of weak, strong and severe scintillations are
modulated on the nominal GPS RO signal. The receiver is manipulated to start acquiring L1 C/A
and L2C signals during the scintillation period. In all cases, the receiver acquires L1 C/A signal
almost instantly and maintains lock during the entire scintillation period. However, challenges
occur acquiring L2C signal during a scintillation event. For each scintillation level, the time that
L1 C/A signal is acquired is considered as the reference time (i.e. 0) and delay in acquisition of
the L2C signal is computed with respect to this reference time. In the case of severe
scintillations, the receiver constantly loses lock on L2C signal and tries to reacquire it several
times. The acquisition process of L1 C/A and L2C signals with occurrence of different
scintillation levels is summarized in Table 5.6. Scintillation characteristics in this table
correspond to simulated scintillation levels in Figure 5.9.
Receiver lock indicators and tracking states for L1 C/A and L2C are shown in Figures 5.16 and
5.17 for weak and strong scintillations, respectively. Left axis indicates the scale for the
indicators and right axis shows tracking states consistent with Table 5.5. The time delay in
acquisition and tracking of L2C signal is illustrated in these figures. It takes about 4 seconds for
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the receiver to reach tracking state of 6 (Tight PLL) for both cases. In Figure 5.17, there is a
correlation between PLI value drops and tracking state changes.
Table 5.6. Acquisition process for L1 C/A and L2C signals during different scintillation levels.
Successful tracking
achieved

Scintillation
level

L2C acquisition delay
(sec)
(wrt L1 acquisition time)

L1 C/A

L2C

Weak

4.3

Yes

Yes

Strong

5.9

Yes

Yes

Severe

12.4

Yes

No

Time (sec)

Time (sec)

Figure 5.16. Receiver lock indicators and tracking states for L1 C/A (left) and L2C (right) signals
during weak scintillation example (Case A in Table 5.3) with
and
. The
receiver initiates the signal acquisition during the scintillation event.
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Time (sec)

Time (sec)

Figure 5.17. Receiver lock indicators and tracking states for L1 C/A (left) and L2C (right) signals
during strong scintillation example (Case B in Table 5.3) with
and
.
The receiver initiates the signal acquisition during the scintillation event.

5.5 Scintillation Sensitivity Analysis
This section explores the independent impact of amplitude or phase scintillation on the receiver
performance. For this purpose, real CHAMP RO data from the year 2003 are used. Scintillation
information is extracted using the method explained in Section 4.1.2. Several test cases are
explored:


To isolate the effects of amplitude scintillation, phase scintillation effects are set to zero
in the corresponding UCD files.



Similar process is employed to retain phase scintillation in the absence of amplitude
perturbations.



The normalized scintillation power or detrended scintillation phase in UCD files are
intensified (for example by factors of 2, 5, 10, etc.) and sensitivity of the receiver to each
scintillation effect is investigated.
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Scintillated RO event Case 2 in Figure 5.3 is considered. Isolated amplitude and phase
perturbations for this event for height of straight line (HSL) between LEO and GPS satellites
higher than 80 km (first 50 seconds of this setting occultation event) are plotted in Figure 5.18.
Amplitude fading up to 13 dB and phase dynamics up to 2 radians are observed for this event
(between seconds 16 to 34).

Figure 5.18. Real amplitude (top) and phase (bottom) perturbations for RO event on October 14,
2003 at 17:26 UT (Case 2 in Figure 5.3).

Scintillation perturbations are included in UCD files and loaded to the SPIRENT simulator to
create L1 C/A IF samples which are then processed by GSNRx™ software receiver. Similar to
the previous section, lock indicators and tracking states are considered as measures of the
receiver performance quality and sensitivity analysis. Figure 5.19 illustrates these parameters for
scintillated RO event with experimentally derived amplitude and phase fluctuations (shown in
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Figure 5.18). Left axis indicates the scale for the lock indicators and right axis shows tracking
states consistent with Table 5.5. Close to unity lock indicators and tracking state of number 6
(Tight PLL) imply low tracking errors and high receiver performance during this scintillation
event.
The rest of this section examines receiver performance; first when only amplitude scintillation is
present, and second when only phase scintillation affects the signal.

Figure 5.19. Receiver lock indicators and tracking states for L1 C/A signal scintillated with
experimentally derived scintillation fluctuations shown in Figure 5.18.

5.5.1 Sensitivity to Amplitude Scintillation
With phase dynamics being eliminated, real (Figure 5.18-top) and intensified amplitude
perturbations are added to nominal GPS L1 C/A RO signal to independently explore the
sensitivity of the receiver to amplitude scintillation and its lock threshold. About 1 minute quiet
period is considered before adding scintillations to assure receiver lock stability.
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The receiver is challenged by intensifying the normalized scintillation power by factors of 2, 5,
and 7. Increased amplitude fadings, if signal intensity decreases below the receiver tracking
threshold, can lead to loss of lock. Otherwise, they do not cause large phase tracking errors. For
example, for scale factor of 7, the signal loses lock and is reacquired several times after time =
26 s. As seen in Figure 5.18 there is sudden signal fading around time = 26 s for this event. Table
5.7 summarizes receiver performance in terms of percentage of PLI and FLI below the
predefined thresholds (0.5 and 0.2 respectively), percentage of time receiver tracks signal in one
of FLL loops (tracking states 1,2, and 3) and loss of lock, for different levels of increased
amplitude scintillations.
Table 5.7. Receiver performance when only intensity scintillation is present. Scintillation amplitude
is increased to different levels to examine the sensitivity of the receiver.
Amplitude
scintillation factor

% PLI < 0.5

% FLI < 0.2

% FLL
tracker

Loss of lock

1

0

0

0

No

2

0

0

0

No

5

0.74

0.86

2

No

7

38

38

40

Yes

Considering the results provided in Table 5.7, it is found that amplitude scintillation alone is not
a major concern for the carrier phase tracking except for severe amplitude scintillation
conditions. For the test conducted in this work, receiver could track signals in a PLL loop with
induced amplitude scintillation up to five times maximum fading in Figure 5.18 (up to 5 (-13) =
-65 dB). For extreme signal power fading, however, loss of lock occurs.
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5.5.2 Sensitivity to Phase Scintillation
This section provides results for receiver performance when signal is only disturbed by phase
dynamics. It is observed that the receiver can tolerate extremely high phase scintillation
fluctuations without losing lock. Receiver performance, however, degrades significantly in terms
of lock indicators and tracking strategy. Figure 5.20 compares lock indicators and tracking states
for two cases where RO signals are scintillated with increased (factor 5 and 80) phase
scintillations. Increasing phase scintillations by a large factor degrades receiver performance.
With large phase errors, the receiver needs to track the signal in FLL loop rather than PLL;
however, it still can tolerate the dynamics without loss of lock.

Figure 5.20. Comparison of receiver performance for increased phase scintillations by factors of 5
(red) and 80 (black). No amplitude scintillation effect is present.
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Table 5.8 summarizes receiver performance in terms of percentage of PLI and FLI below the
predefined thresholds, percentage of time receiver tracks signal in one of FLL loops (states 1,2,
and 3) and loss of lock, for increased phase scintillation test cases. Phase scintillations intensified
by a particular factor (added to the nominal signal via UCD files) do not increase phase errors
linearly with the same factor. Maximum induced phase errors are shown in Table 5.8. This is the
maximum phase fluctuations after detrending raw scintillated phase observations.
RO retrievals are based on phase measurements and large phase tracking errors can significantly
degrade accuracy of these fundamental observations. Extreme study cases were investigated in
this section to explore a full range of receiver sensitivity. These most extreme conditions are
unlikely to occur in real world.
Table 5.8. Receiver performance when only phase scintillation is present. Phase scintillation is
increased to different levels to examine the sensitivity of the receiver.
Phase scintillation
factor

Max Induced
phase error (cycle)

% PLI < 0.5

% FLI < 0.2

% FLL
tracker

Loss of lock

2

0.5

0

0

0

No

5

0.8

0

0

0

No

10

1.8

6

0

0

No

20

2.7

28

0

0

No

50

4

73

0

0

No

80

>10

87

1

38

No
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5.6 Summary
Scientific studies require precise characterization of ionospheric scintillation. This starts with
detrending raw observations to remove non-scintillation effects. Accordingly, three different data
detrending methods were introduced in this chapter. Among these methods conventional
Butterworth filtering and wavelet transform methods were compared using real RO scintillation
observations.
Cutoff frequency selection is an important factor in deriving phase scintillation measurements,
, especially for high latitude scintillations. It was demonstrated that the shift in Fresnel
frequency at high-latitudes should be considered when using Butterworth filters. Cutoff
frequency of 0.15 Hz was selected for Butterworth filtering of the data. It was shown that
detrending by wavelet algorithm results in less noisy output signals and therefore lower
scintillation indices (

and

). Also, more correlated phase and amplitude scintillation

measurements were obtained using wavelet filtering.
For detailed performance analysis of RO GNSS receivers under various scintillation conditions,
scintillation time series were generated using the simulator introduced in Chapter three. Different
levels of scintillation severity (weak/moderate, strong, and severe) were processed in terms of
scintillation parameters (

, , and

) on two carrier frequencies, GPS L1 C/A and L2C.

Time-scale analysis of these data showed that 0.15 Hz cutoff frequency obtained from real high
latitude RO data was also appropriate for detrending simulated scintillation data. In agreement
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with the results from real data, calculated

and

indices were in general lower using wavelet

method. However, outliers were observed for severe scintillation conditions.
In regard to receiver performance, simulations were performed on GPS L1 C/A and L2C signals
and processed with the generic GSNRxTM software receiver. GSNRxTM exploits different
trackers and proceeds to higher loop-order/ loop-bandwidths when its internal loop indicators are
high enough. Intensity and phase scintillations decrease these indicators and can affect receiver
tracking schemes. The receiver performance was analyzed under two conditions: scintillation
event initiated after successful acquisition of the signals, and signal acquisition during the
scintillation event.
The receiver successfully tracked scintillated signals once non-perturbed signals were acquired
prior to the scintillation event. For a weak scintillation case the receiver immediately achieved
high lock indicators; however, for strong and severe scintillation cases lower lock indicators
were obtained which forced the receiver to transition to simpler tracking schemes. Compared to
L1 C/A signal, receiver performance degrades more when tracking the L2C signal. The L1 C/A
and L2C signal tracking was found to be decorrelated under severe scintillation conditions.
Signal acquisition during ionospheric scintillations was challenging especially for strong and
severe scintillations. While L1 C/A signal could be acquired (with some delay compared to
nominal case), L2C signal lost lock several times and fluctuated between acquisition and
tracking states. Successful acquisition of L2C could not be achieved during severe scintillation.
Real RO scintillation observations from year 2003 were exploited for receiver scintillation
sensitivity analysis. Amplitude and phase scintillation effects were investigated independently.
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Amplitude scintillations alone did not impose large carrier tracking errors provided that the
induced power fading did not drop signal power below receiver tracking threshold. When the
GPS signal was disturbed only with phase scintillation the receiver could track extremely high
phase dynamics without loss of lock. However, large tracking errors can degrade phase
observation accuracy and consequently RO measurements and atmospheric retrieval capabilities.
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Chapter Six: SUMMARY, CONCLUSIONS, AND FUTURE STUDIES
6.1 Overview
A physics-based simulation method has been implemented in this thesis which models highlatitude ionospheric disturbances for RO signals. This model allows generation of a full variety
of test cases to assess RO GPS receiver performance deriving ionospheric scintillation
parameters and providing RO carrier phase observations. This simulation tool builds on aspects
of an existing approach which was employed for simulation of equatorial scintillations for
ground GPS receivers. The scintillation simulator developed in this thesis is novel in allowing
oblique signal propagation and simulation of high-latitude ionospheric perturbation
characteristics on multiple frequencies for RO signals. The simulation algorithm has been
evaluated through comparison with scintillation perturbations extracted from real RO signals
collected by the CHAMP mission during a solar maximum period. Scintillation-induced effects
are derived from real RO signals and then added to non-scintillated signals generated by a
hardware simulator. It is validated that results from the scintillation simulator represent realistic
scintillation effects.
Sample scintillation studies are presented in Chapter five using the simulation tools developed.
The derivation of high-latitude ionospheric scintillation information from GPS RO signals is
analyzed in terms of data detrending methods and selection of cutoff frequency. Using real raw
scintillation RO observations, conventional Butterworth filter and wavelet transform methods are
compared.
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For detailed performance analysis of RO GNSS receivers under different scintillation conditions,
the scintillation simulator tool is applied to GPS L1 C/A and L2C signals and the subsequent
effects on a generic GPS tracking loop model are evaluated. Receiver performance measures,
namely lock indicators (FLI, PLI) and tracking states (from Pull-in FLL to Tight PLL), are
analyzed as a function of scintillation level parameters (

,

). Two types of scenarios are

considered for the test cases: tracking after successful acquisition of scintillated signal and
acquisition during scintillation. For receiver sensitivity analysis under scintillations, real RO
scintillation fluctuations are used. For this purpose, the impact of amplitude and phase
scintillations on receiver performance are explored independent from any influence from each
other.
6.2 Conclusions and Recommendations
Based on the analysis conducted in this thesis, the following conclusions and recommendations
are made:

-

Comparisons between simulation versus experimental results suggest that simulation
methods in this thesis can represent realistic high-latitude scintillation effects on RO
signals.

-

Scintillation measurements are highly dependent on the cutoff frequency used for
filtering raw observations. Cutoff frequency of 0.15 Hz is selected based on spectral
analysis of scintillated RO signals with real high-latitude scintillation perturbations.
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-

Different detrending methods can also result in different scintillation measurements.
Detrended intensity and phase using conventional 6th order Butterworth filter is usually
noisier compared to observations detrended through filtering with wavelet transform.
Consequently, during weak to strong scintillations, wavelet indices (specifically phase
scintillation measurements) are usually smaller than Butterworth indices. Also, more
correlation is observed between amplitude and phase scintillation parameters that are
derived using wavelet transform.

-

Time-scale analysis for different levels of simulated scintillation conditions suggests that
0.15 Hz cutoff frequency obtained from real high latitude RO data is an appropriate
choice for data detrending. Conforming to results from real data, calculated

and

indices are in general smaller by applying wavelet transform.

-

Receiver tracking performance can depend on processing mode and scintillation timing.
Even for the most severe scintillation scenario tested in this study, a GPS RO receiver can
continue tracking if the receiver has successfully acquired the satellite signal prior to a
scintillation event. Signal acquisition during scintillations, however, can be challenging
for satellite signals affected by strong scintillation. Test results show that while the
acquisition time increases for L1 C/A signal under such circumstances, acquisition of
L2C (if achieved) requires even longer processing periods. For severe scintillation
conditions acquisition of L2C signal can fail.
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-

Amplitude scintillation alone does not induce significant carrier tracking errors unless
severe amplitude fading falls signal power level below the tracking threshold and causes
loss of lock.

-

Phase scintillations do not directly cause signal loss of lock. However, larger carrier
tracking loop errors can occur during severe scintillation which significantly decreases
receiver phase measurement accuracy and consequently degrades the quality of radio
occultation retrievals.

6.3 Future Studies
For future studies in the field of ionospheric amplitude and phase scintillation impact on ground
or radio occultation GNSS receiver performance the following may be considered:

-

New developments in GNSS technology can be explored and evaluated using the tools
developed here. Novel technologies in the signal tracking architectures such as vector
tracking, assisted tracking, etc., and new GPS civil signals (L2C, L5) together with
signals from other satellite-based navigation systems such as GLONASS or Galileo can
be explored. New tracking algorithms and receiver designs might be effective in more
robust scintillation tracking performance. In addition, for weak to moderate scintillation
levels where the signals are believed to be highly correlated, the existing L1 C/A
information can be used for acquisition and tracking of one or more other civil signals.
During strong and severe scintillations where signals decorrelate, algorithms can be
developed to select least affected signals and best tracking scheme.
158

-

The scintillation simulation approach developed in this work has potential for evaluation
of different GNSS signals and systems. It can be employed as an effective tool in
generating a variety of scintillation scenarios and determining expected scintillation
impact on GNSS signals for a specific system or geometry or applications beyond radio
occultation.

-

The effect of receiver oscillator noise in low-cost GNSS receivers on carrier tracking
loop performance and errors can be explored. Oscillator noise can affect the tolerable
threshold of phase scintillation and system dynamics.

159

REFERENCES
Aaron, J. (1982), “Global Morphology of Ionospheric Scintillations”, Proceedings of IEEE, Vol.
70, No. 4, p. 360-378.
Acikoz, U. (2011), “Open Loop Tracking of Rising GPS Radio Occultation Signals” Master of
Science Thesis, Submitted to Faculty of Purdue University, Dec 2011.
Anderson, P. C., and P. R. Straus (2005), “Magnetic Field Orientation Control of GPS
Occultation Observations of Equatorial Scintillation”, Geophysical Research Letters, Vol. 32,
doi: 10.1029/2005GL023781.
Aquino, M., M. Andreotti, A. Dodson, and H. J. Strangeways (2007), “On the Use of
Ionospheric Scintillation Indices in Conjunction with Receiver Tracking Models”, Advances in
Space Research, Vol. 40, No. 3, p. 426-435, doi:10.1016/j. asr.2007.05.035.
Axelrad, P. and R. G. Brown (1996), “GPS navigation algorithms”. In B. Parkinson and J. J.
Spilker Jr., “Global positioning System: Theory and Applications”, American Institute of
Aeronautics and Astronautics, Inc., Vol. 1, Chapter 9, p. 409-433.
Bassiri, S., G. A. Hajj (1993), “Higher Order Ionospheric Effect on the Global Positioning
System Observables and Means of Modeling Them”, Manuscript Geodesy, Vol. 18, p. 280-289.
Beach, T. L. (2006) “Perlis of the GPS Phase Scintillation Index”, Radio Science, Vol. 41, doi:
10.1029/2005RS003356.

160

Beyerle, G., L. Grunwaldt, S. Heise, W. Kohler, R. Konig, G. Michalak, M. Rothacher, T.
Schmidt, J. Wichert, B. D. Tapley, B. Giesinger (2011), “First Results from the GPS Atmosphere
Sounding Experiment TOR Aboard the TerraSAR-X Satellite”, Atmospheric Chemistry and
Physics, Vol. 11, p. 6687-6699.
Borio, D and C. O’Driscoll (2012), “GNSS Receiver Design, ENGO 638 Lecture notes”,
Department of Geomatics Engineering, University of Calgary.
Born, M., E. Wolf (1980), “Principles of Optics” 6th Edition, Pergamon, Tarrytown, New York.
Carrano, C. S., K. M. Groves, J. Griffin (2005), “Empirical Characterization and Modeling of
GPS Positioning Errors Due to Ionospheric Scintillation” Proceedings of the Ionospheric Effects
Symposium, Alexandria, VA, May 3-5, 2005.
Carrano, C. S., K. M. Groves, R. G. Caton, C. L. Rino, P. R. Straus (2011), “Multiple Phase
Screen Modeling of Ionospheric Scintillation along Radio Occiltation Raypaths” Radio Science,
Vol. 46, doi: 10.1029/2010RS004591.
Carrano, C. S., K. M. Groves, W. J. McNeil, P. Doherty (2012), “Scintillation Characteristics
across the GPS Frequency Band”, Proceedings of the 25th International Technical Meeting of the
Satellite Division of the Institute of Navigation, ION GNSS, Nashville TN, Sep 17-21, 2012.
Conker, R. S., M. B. El‐Arini, C. J. Hegarty, and T. Hsiao (2003), “Modeling the Effects of
Ionospheric Scintillation on GPS/Satellite‐Based Augmentation System Availability”, Radio
Science., Vol. 38, No. 1, doi:10.1029/ 2000RS002604.
161

de-Franceschi, G., L. Alfonsi, V. Romano, M. Aquino, A. Dodson, C. N. Mitchell, P. Spencer,
A. W. Wernik (2008) “Dynamics of High-Latitude Patches and Associated Small-Scale
Irregularities during the October and November 2003 storms”, Journal of Atmospheric and
Solar-Terrestrial Physics Vol. 70, p. 879-888.

de Resende, L. F. C., E. R. de Paula, I. S. Batista, I. J. Kantor, M. T. de Assis Honorato Muella
(2007), “Study of Ionospheric Irregularities During Intense Magnetic Storms”, Revista Brasileria
de Geofisia, Vol. 25, Supl. 2, p. 151-158.
El-Rabbany, A. (2002), “Introduction to GPS: The Global Positioning System”, Artech House.
Fejer, B. G., L. Scherliess, E. R. de Paula (1999), “Effects of the Vertical Plasma Drift Velocity
on the Generation and Evolution of Equatorial Spread F”, Journal of Geophysical Research, Vol.
104, No. A9, p. 19859-19869.
Feldstein, Y. I. (1963) “Some Problems Concerning the Morphology of Auroras and Magnetic
Disturbances at High Latitudes”, Geomagnetism and Aeronomy, English Translation, Vol. 3, p.
183-192.
Fjeldbo, G., V. R. Eshleman, A. J. Kliore (1971), “The Neutral Atmosphere of Venus as Studied
with the Mariner V Occultation Experiments” Astronomical Journal, Vol. 76, p. 123-140.
Fontana, R. D., W. Cheung, P. M. Novak, T. Stansell (2001), “The New L2 Civil Signal”,
Proceedings of the 14th International Technical Meeting of Satellite Division (ION GPS 2001),
Salt Lake City, UT, Sep 11-14, 2001.
162

Forte, B. and S. M. Radicella (2002), “Problems in Data Treatment for Ionospheric Scintillation
Measurements”, Radio Sci., Vol. 37, No. 6, 1096, doi: 10.1029/2001RS002508.

Fremouw, E.J., R.L. Leadabrand, R.C. Livingston, M.D. Cousins, C.L. Rino, B.C. Fair, R.A.
Long (1978), “Early Results from the DNA Wideband Satellite Experiment- Complex Signal
Scintillation”, Radio Science, Vol. 13, No. 1, p. 167-187, doi: 10.1029/RS013i001p0016.
Fremouw, E.J., J. A. Secan, J. M. Lansinger (1985), “Spectral Behavior of Phase Scintillation in
the Nighttime Auroral Region”, Radio Science, Vol. 20, No. 4, p. 923-933.
Ghafoori, F., (2012), “Modeling the Impact of Equatorial Ionospheric Irregularities on GPS
Receiver Performance”, Doctor of Philosophy thesis, Department of Geomatics Engineering,
University of Calgary, Sep 2012.
Ghafoori, F, and S. Skone, (2014), “GPS Scintillation Modeling and Receiver Design Strategies
for Low-Latitude Regions”, Proceedings of ION GNSS 2014, Tampa, FL, Sep 8-12, 2014.
Ghafoori, F. and S. Skone (2015), “Impact of Equatorial Ionospheric Irregularities on GNSS
Receivers Using Real and Synthetic Scintillation Signals”, Radio Science, Vol. 50, p. 294-317,
Apr 2015.
Gowdayyandoddi, N. S. (2015), “Ultra-High Sensitivity GNSS Signal Acquisition Using Precise
Oscillators”, Doctor of Philosophy thesis, Department of Geomatics Engineering, University of
Calgary, Oct 2015.

163

Hajj, G. A. and L. J. Romans (1998), “Ionospheric Electron Density Profiles Obtained with the
Global Positioning System: Results from GPS/MET Experiment”, Radio Science, Vol. 33, p.
175-190.
Hajj, G. A, E. R. Kursinski, L. J. Romans, W. I. Bertiger, S. S. Leory (2002), “A Technical
Description of Atmospheric Sounding by GPS Occultation”, Journal of Atmospheric and SolarTerrestrial Physics, Vol. 64, p. 451-469.
Hegarty, C., M. B. El-Arini, T. Kim, S. Ericson (2001) “Scintillation modeling for GPS Wide
Area Augmentation System receivers”, Radio Science, Vol. 36, No. 5, p. 1221-1231.
Hoots, F. R. and R. L. Roehrich (1980), “Spacetrack Report #3: Models for Propagation of the
NORAD Element Sets”, US Air Force Aerospace Defense Command, Colorado Springs, CO,
1980.
Humphreys. T. E., M. L. Psiaki, J. C. Hinks, B. O’ Hanlon, P. M. Kintner (2009), “Simulating
Ionosphere-Induced Scintillation for Testing GPS Receiver Phase Tracking Loops”, IEEE
Journal of Selected Topics in Signal Processing, Vol. 3, No. 4, August 2009.

Jayawadena, T. P., A. M. Ali, B. Forte, J. Kinrade, C. Mitchell, Experimentally Recorded
Amplitude and Phase Scintillation through a Spirent Simulator, Proceedings of ION GNSS+
2014, Tampa, Florida.
Jin, S., E. Cardellach, F. Xie (2014), “GNSS Remote Sensing”, doi: 10.1007/978-94-007-7482-7,
Springer.
164

Jin, S., G. P. Feng, S. Gleason (2011), “Remote Sensing Using GNSS Signals: Current Status
and Future Directions” Advances in Space Research, Vol. 47, p. 1645-1653.
Jwo, D. J. (2001) “Optimization and Sensitivity Analysis of GPS Receiver Tracking Loops in
Dynamic Environments”, IEEE Proceeding, Radar-Sonar Navigation, Vol. 148, No. 4.
Kahr, E.

K. P. G. O’Keefe, S. Skone, (2010), “Optimizing Tracking and Acquisition

Capabilities for the CanX-2 Nanosatellite’s COTS GPS Receiver in Orbit”, Proceedings of ION
GNSS 2010, Portland OR, Sep 21-24, 2010.
Kahr, E., K. P. G. O’Keefe, S. Skone, (2013), “Design and Operation of the GPS Receiver
Onboard the CanX-2 Nanosatellite”, Navigation Journal of the Institute of Navigation, Vol.60, p.
143-156.
Kaplan, E. D. and C. J. Hegarty (2006), “Understanding GPS: Principles and Applications”,
Mobile Communications Series, Artech House.
Kim, D., and R. B. Langley (2002), “Instantaneous Real-Time Cycle Slip Correction for Quality
Control of GPS Carrier Phase Measurements”, DSTO Electronics and Surveillance Research
Laboratory, 1998.
Klobuchar, J. A. (1996), “Global Positioning System: Theory and Applications”, Vol. I, Progress
in Astronautics and Aeronautics, Vol. 163, Chapter 12, p. 485-515.

165

Knight, M. F., A. Finn, M. Cervera (1998), “Ionospheric Scintillation Effects on Global
Positioning System Receivers- Research Report”, Doctor of Philosophy thesis, Department of
Electrical and Electronic Engineering, University of Adelaide, Dec 2000.
Knight, M. F. (2000), “Ionospheric Scintillation Effects on Global Positioning System
Receivers”, Doctor of Philosophy thesis, Department of Electrical and Electronic Engineering,
University of Adelaide, Dec 2000.
Kong, J. A. (1986), “Electromagnetic Wave Theory” 2nd edition, John Weily & Sons, New York.
Kursinski, E. R., G. A. Hajj, J. T. Schofield, R. P. Linfield, K. R. Hardy (1997), “Observing
Earth’s Atmosphere with Radio Occultation Measurements Using Global Positioning System”,
Journal of Geophysical Research, Vol. 102, No. D19, p. 429-426, Oct 1997.
Kursinski, E. R., G. A. Hajj, S. S. Leory, B. Herman (2000), “The GPS Radio Occultation
Technique”, Terrestrial, Atmospheric an Oceanic Sciences, Vol. 11, p. 53-114.
Materassi, M. and C.N. Mitchell (2007), “Wavelet Analysis of GPS Amplitude Scintillation: A
case Study”, Radio Science, Vol. 42, RS1004, doi: 10.1029/2005RS003415, 2007.
Misra, P. and P. Enge (2011), “Global Positioning System- Signals, Measurements, and
Performance”, Second Edition, Ganga-Jamuna Press.
Mitchell, C. N., L. Alfonsi, G. D. Franceshi, M. Lester, V. Romano, A. W. Wernik (2005), “GPS
TEC and Scintillation Measurements from the Polar Ionospheric during the October 2003
Storm”, Geophysical Research Letters, Vol. 32 (12).
166

Mushini, S.C., P.T. Jayachandran, R.B. Langley, J. W. MacDougall, D. Pokhotelov (2011),
“Improved Amplitude and Phase Scintillation Indices Derived from Wavelet Detrended HighLatitude GPS Data”, GPS Solutions, Vol. 16, p. 363-373, doi: 10.1007/s10291-011-0238-4,
2011.

NASA webpage, https://www.nasa.gov/mission_pages/sunearth/aurora-image-gallery.
Psiaki., M. L., T. E. Humphreys, A. P. Cerruti, S. P. Powell, P. M. Knitner (2007), “Tracking L1
C/A and L2C Signals through Ionospheric Scintillations”, ION GNSS 20th International
Technical Meeting of the Satellite Division, Fort Worth, TX.
Rino, C. L., R. C. Livingston, S. J. Matthews (1978), “Evidence for Sheet-Like Auroral
Ionospheric Irregularities”, Geophysical Research Letters, Vol. 5, No. 12, p. 1039-1042.
Rino, C. L. (1979), “A Power Law Phase Screen Model for Ionospheric Scintillation, 1. Weak
Scatter” Radio Science, Vol. 12, N. 6, p. 1135-1145, Dec 1979.
Rino, C. L. (2011), “The Theory of Scintillation with Applications in Remote Sensing”, doi:
10.1002/9781118010211, John Wiley, Hobboken, N. J.
Rino, C. L. and E. J. Fremouw (1977), “The Angle Dependence of Singly Scattered Wakefields”,
Journal of Atmospheric and Terrestrial Physics, Vol. 39, p. 859-868, Feb 1977.
Singleton, D. G. (1970), “Saturation and Focusing Effects in Radio-Star and Satellite
Scintillations”, Journal of Atmospheric and Terrestrial Physics, Vol. 32, p. 187-208, 1970.

167

Skone, S., G. Lachapelle, D. Yao, W. Yu, R. Watson (2005), “Investigating the Impact of
Ionospheric Scintillation Using a GPS Software Receiver”, Proceedings of ION GNSS 2005,
Long Beach CA, Sep 9-12, 2005.
Skone, S., M. Feng, R. Tiwari, A. Coster (2009) “Characterizing Ionospheric Irregularities for
Auroral Scintillations”, Proceedings of the 22nd International Technical Meeting of The Satellite
Division of the Institute of Navigation, Savannah, GA, p. 2551-2558.
Spilker Jr., J. J. (1996a), “Foliage Attenuation for Land Mobile Users”, In B. Parkinson and J. J.
Spilker Jr., “Global positioning System: Theory and Applications”, American Institute of
Aeronautics and Astronautics, Inc. Vol. 1, Chapter 15, p. 569-583.
Spilker Jr., J. J. (1996b), “Multipath Effects”, In B. Parkinson, J. J. Spilker Jr., “Global
positioning System: Theory and Applications”, American Institute of Aeronautics and
Astronautics, Inc. Vol. 1, Chapter 14, p. 547-568.
Spilker Jr., J. J. (1996c), “Fundamentals of Signal Tracking Theory” In B. Parkinson and J. J.
Spilker Jr., “Global positioning System: Theory and Applications”, American Institute of
Aeronautics and Astronautics, Inc. Vol. 1, Chapter 7, p. 245-328.
Sreeja, V., M. Aquino, Z. G. Elmas (2011), “Impact of Ionospheric Scintillation on GNSS
Receiver Tracking Performance over Latin America: Introducing the Concept of Tracking Jitter
Variance Maps”, Space Weather, Vol. 9, doi: 10.1029/2011SW000707.

168

Sreeja, V., M. Aquino, Z. G. Elmas, B. Forte (2012), “Correlation Analysis Between Ionospheric
Scintillation Levels and Receiver Tracking Performance”, Space Weather, Vol. 10, doi:
10.1029/2012SW000769.
Stansell, T. A., J. W. Betz, F. van Diggelen, S. Kogure (2015), “Proposed Evolution of the C/A
Signal”, Proceedings of ION GNSS+ 2015, p. 1807-1825, Tampa, FL, Sep 14-18, 2015.
Strangeways, H. J. (2009), “Determining Scintillation Effects on GPS Receivers”, Radio
Science, Vol. 44, doi: 10.1029/2008RS004076.

Strangeways, H. J., Y. H. Ho, M. H. O. Aquino, Z. G. Elmas, H. A. Marques, J. F. G. Monico,
H. A. Silva (2011), “On Determining Spectral Parameters, Tracking Jitter, and GPS Positioning
Improvement

by

Scintillation

Mitigation”,

Radio

Science,

Vol.

46,

RS0D15,

doi:10.1029/2010RS004575.
Straus, P. R., P. C. Anderson, J. E. Danaher (2003), “GPS Occultation Sensor Observation of
Ionospheric

Scintillation”,

Geophysical

Research

Letters,

Vol.

29,

No.

3,

doi:

10.1029/2001GL016503.

Thebault, E., C. Finlay, C. D. Beggan, P. Alken, J. Aubert, O. Barrois, L. Toffner-Clausen
(2015), “International Geomagnetic Reference Field: the 12th Generation”, Earth, Planets and
Space 2015, p. 67-79.
Torrence, C., G. Compo (1998), “A practical Guide to Wavelet Analysis” Bulletin of the
American Meteorological Society, Vol. 79, No. 1, p. 61-78. Jan 1998
169

Vallado, D. A., P. Crawford, R. Hujsak, T.S. Kelso (2006), “Revisiting Spacetrack Report #3”,
Technical Report AIAA 2006-6753-Rev1, America Institute of Aeronautics and Astronautics.
Van Dierendonck, A. J., J. Klobuchar, Q. Hua (1993), “Ionospheric Scintillation Monitoring
Using Commercial Single Frequency C/A Code Receivers”, Proceedings of the 6th International
Technical Meeting of the Satellite Division of the Institute of Navigation (ION GPS 1993), Sep
22-24, Salt Lake City, UT.
Van Dierendonck, A. J (1996), “GPS Receivers”, In B. Parkinson, J. J. Spiker Jr., “Global
positioning System: Theory and Applications”, American Institute of Aeronautics and
Astronautics, Inc. Vol. 1, Chapter 8, p. 329-407.
Vollath, D. (2007), “Plasma Synthesis of Nanoparticles”, KONA, No. 25, Primelweg 3, D-76297
Stutensee, Germany.
Vorob’ev, V.V and T. G. Krasil’ nikova (1994), “Estimation of Accuracy of the Atmospheric
Refractive Index Recovery from Doppler Shift Measurements at Frequencies Used in the
NAVSTAR System”, Physics of Atmosphere and Ocean, Vol. 29, p. 602-609.
Ward, P. (1996), “GPS Satellite Signal Characteristics”, In E. D. Kaplan, “Understanding GPS
Principles and Applications”, Chapter 4, Norwood, MA, Artech House.
Wilson, T., K. Rohlfs, S. Huettemeister (2009), “Tools of Radio Astronomy”, doi: 10.1007/9783-642-39950-3, Springer.

170

Yeh, K.C. and C. H. Liu (1982), “Radio Wave Scintillation in the Ionosphere” Proceedings of
IEEE, Vol. 70, p. 324-360, Apr 1982.
Ynnck, T. P., G. F. Lindal, C. H. Liu (1988), “The Role of GPS in Precise Earth Observation”
Proceedings of the IEEE position, location and navigation symposium (PLANS 88), Nov 29-Dec
2, 1988.
Zhang, L., Y. Morton, F. van Grass, T. Beach (2010), “Characterization of GNSS Signal
Parameters under Ionospheric Scintillation Conditions using Software-based Tracking
Algorithms”, Proceedings of IEEE/ION PLANS 2010, p. 264-275, Indian Wells CA, May 4-6,
2010.

171

APPENDICES
Appendix I: Derivation of Anisotropy Factors
To maintain consistency with the notation of this thesis, the same coordinate system shown in
Figure 3.1 is employed. Considering
elongation factors,
and

axis and

matrix (

and

as the principal and secondary anisotropy

as the secondary anisotropy axis,

as the angle between magnetic field

as the angle between magnetic field and vertical plane (

) and rotation matrices (

), the scaling

) are defined as below [Rino and Fremouw,

1977]
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The rotation and scaling can be written in matrix form of
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the anisotropy factors, A, B, and C are defined via
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Appendix II: Scintillation Indices with Geometric and Anisotropy Corrections
Assuming the same geometry as Figure 4.1 and anisotropic parameters a, b, A, B, and C, at each
penetration point, P, corrected intensity and phase scintillation indices are given as [Rino, 2011;
Ghafoori, 2012]
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are defined in section 3.3.2 and
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In Equation (A.11)
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Appendix III: Yuma Almanac Format
YUMA almanac information is used for obtaining satellites’ orbital information. The example
below shows the YUMA information of GPS PRN 1:
******** Week 908 almanac for PRN-01 ********
ID:
01
Health:
000
Eccentricity:
0.6143569946E-002
Time of Applicability(s): 503808.0000
Orbital Inclination(rad):
0.9666859304
Rate of Right Ascen(r/s): -0.7886042771E-008
SQRT(A) (m 1/2):
5153.643066
Right Ascen at Week(rad): -0.1378421804E+000
Argument of Perigee(rad):
0.548995845
Mean Anom(rad):
0.2067528967E+001
Af0(s):
0.4768371582E-004
Af1(s/s):
0.0000000000E+000
week:
908

Definition of the YUMA almanac elements is provided in the following.

Element
ID
Health
Eccentricity
Time of applicability

Orbital inclination
Rate of right ascension
SQRT(A)
Right ascension at week
Argument of perigee
Mean anomaly
Af(0)
Af(1)
Week

Description
PRN of the SVN
000=usable
The amount of the orbital deviation form circular orbit.
Reference time in seconds of GPS week. Time of applicability shows about 70 hours
th
in the future (close to center of 6 day in GPS week) from the time the almanac was
generated.
The angle to which the satellite orbit meets the equator in radians.
Rate of change in the measurement of the angle of right ascension in radian per
second.
Square root of orbit semi-major axis. (m ½)
Geographic longitude of the ascending node of the orbital plane at the weekly
epoch in radians.
Angular measurement along the orbital path measured from the ascending node to
the point of perigee in the direction of the satellite motion (in radians).
Angle traveled past the argument of perigee (in radians).
Satellite clock bias in seconds.
Satellite clock drift in seconds per seconds.
GPS week number.
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Appendix IV: Two-line element (TLE) Format
The two-line element (TLE) set is also used for determining the orbital information of a satellite.
The format consists of three lines, one title line and two lines of formatted data. The following
example shows a TLE (GPS satellite PRN 1).

GPS BIIF-2 (PRN 01)
1 37753U 11036A 17017.63227175 .00000040 00000-0 00000+0 0 9999
2 37753 55.3649 106.7831 0060146 29.6466 330.7239 2.00561073 40325

The meaning of each element is as follows.

Title:
Element
1

Columns
01-24

Content
Satellite name

Example
GPS BIIF-2
01)

Element
1
2
3
4
5
6
7
8
9

Columns
01-01
03-07
08-08
10-11
12-14
15-17
19-20
21-32
34-43

Example
1
37753
U
11
036
A
17
017.63227175
.00000040

10

45-52

11
12

54-61
63-63

13
14

65-68
69-69

Content
Line number
Satellite number
Classification (U=Unclassified)
International designator (last two digits of launch year)
International designator (launch number of the year)
International designator (piece of the launch)
Epoch year (last two digits of year)
Epoch (day of year and fractional portion of the day)
First time derivative of mean motion divided by six (decimal
point assumed)
Second time derivative of mean motion divided by six (decimal
point assumed)
BSTAR drag term (decimal point assumed)
The number 0 (originally this should have been “ephemeris
type”)
Element number
Checksum (module 10)

Line 1:

177

00000-0
00000+0
0
999
9

(PRN

Line 2:
Element
1
2
3
4
5
6
7
8
9
10

Columns
01-01
03-07
09-16
18-25
27-33
35-42
44-51
53-63
64-68
69-69

Content
Line number
Satellite number
Inclination [degrees]
Right ascension of the ascending node [degrees]
Eccentricity (decimal point assumed)
Argument of perigee [degrees]
Mean anomaly [degrees]
Mean motion [degrees]
Revolution number at epoch (revs)
Checksum (modulo 10)
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Example
1
37753
55.3649
106.7831
0060146
29.6466
330.7239
2.00561073
4032
5

Appendix V: Calculating Propagation Parameters
In the following, satellite and transmitter refer to the LEO and GPS satellites, respectively, and
the latter is assumed fixed during the period of an occultation event.
Satellite Range and Range-Rate
With

( )

,

( )

( )

( )

( )- and

,

( )

( )

( )- being the receiver

satellite position and velocity vectors in TCS system (in this thesis the origin is assumed the
trajectory of GPS satellite on Earth), the satellite range and range-rate are calculated as follows.

( )

√

( )

( )

( )

( )

( )

( )

(A.16)

( )
(A.17)

( )

where

( )

( )

( )

( )

( )

( ) is the unit vector defined as

( )

( )

( )

Satellite Elevation and Azimuth Angles
Having

( ), the elevation and azimuth angles of the satellite are obtained such as
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(A.18)

( )
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( )
√

( )

( )

5

(

)
(A.19)

( )

4

( )
5
( )

(

)

IPP Position and Distance to the Receiver
Ionospheric pierce point (IPP) or the signal penetration point is the intersection point between the
transmitter-receiver line-of-sight and the ionosphere shell (usually assumed at 350 km altitude).
IPP location in geodetic coordinate system can be computed iteratively from the positions of the
transmitter and receiver. At the beginning the transmitter is assumed at point 1 and the receiver is
assumed at point 2. First, the middle point in the transmitter-receiver line-of-sight is determined.
If height of this point is greater than the pre-assumed IPP point (phase screen) height, it is
assumed as the new point 1, otherwise, it is assumed as the new point 2. This calculation
continues until the middle point height is close enough to the phase screen height.
The scintillation wave field is initiated at the phase screen height and then is propagated towards
the receiver. The calculation reference coordinate system (

) from the IPP point to the

receiving antenna is accomplished as follows. First, the coordinates of the receiver
,

( )

( )

( ) ℎ ( )- are calculated in a TCS system centered on the IPP point. With these TCS

coordinates (

), the propagation system coordinates are obtained via
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( )
( )

(A.20)

( )

The IPP range to the receiver is then

( )

√

( )

( )

( )

( )

(A.21)

(

)

(A.22)

(

)

Propagation Angles
From Equation (A.20), the propagation angles are obtained as

( )

√
4

( )

4

( )

( )
( )

( )
5
( )
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(A.23)

Signal Penetration Point Velocity
From

( )

,

( )

( )

( )- the penetration point velocity components are obtained as

( )

( )

( )

( )

( )

where,

( )

(A.24)

( )

( ), is the velocity scale factor.

Apparent Velocities in the Measurement Plane
The apparent velocities in the measurement plane (

) is achieved by

( )

( )

.
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.

( )/

( )

( )
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.

( )/

.

( )/
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Appendix VI: Investigating Auroral Scintillation Effects on Ground GNSS Applications
The focus of Section 5.4, was to understand the effect of high latitude scintillations on
availability and accuracy of RO observations for future multi-frequency space-borne GNSS
applications. The purpose of this appendix is to study the effects of auroral precipitation on the
performance of ground GNSS applications. Receiver configuration effects are investigated with
respect to tracking loop performance and tracking errors.
GPS data used in this appendix were obtained from Canadian High Arctic Ionospheric Network
(CHAIN) commercial GPS scintillation receivers located at Gillam ([Gill] 56.37° N, 94.64° W)
and Fort Smith ([FSmit] 60.02° N, 111.93° W) as shown in Figure A.1.

Figure A.1. Locations of CHAIN ionospheric scintillation monitoring stations used for auroral
studies.
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Amplitude scintillation ( ) versus phase scintillation (

) parameters observed at Gillam and

Fort Smith stations are plotted in Figure A.2. These values are measured by the scintillation
receiver during various auroral arc events using real GPS observations throughout 2014 to 2016.
For both locations, extreme phase scintillation cases were observed with
unity while signal amplitude experienced weak scintillation (

index greater than

). There are also many

observed cases in which no signal phase and amplitude variations occurred during propagation
through the aurora (

). Majority of recorded scintillation events are associated with

and

. The phase and intensity scintillation properties determined

from these high latitude databases are used to drive simulations for receiver performance studies.
The rest of this Appendix introduces a simple GNSS signal simulator and software receiver
developed at the University of Calgary. Then processing results for different levels of
scintillation, selected from real world scintillation measurements, are provided.

Figure A.2.
vs.
parameters calculated by the scintillation GPS receivers at Gillam and Fort
Smith stations during various auroral arc events in 2014 to 2016.
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AVI.1 GNSS Signal Simulator with Ionospheric Scintillation Modules
With the aim of studying the impact of scintillated signals on low-cost generic GPS receivers, a
simple single-frequency GPS signal simulator is used. The signal simulator is implemented in
MATLAB following the block diagram shown in Figure A.3 [Ghafoori, 2012]. The simulated
signal includes radio frequency carrier wave, C/A-code, P-code, navigation message, thermal
noise, the effect of satellite-platform dynamics, and ionospheric scintillation. Since only tracking
loop performance is of interest, P-code and the navigation message are considered as random
sequences of

. Phase scintillation is created as Gaussian random variables with the known

standard deviation that is the measured standard deviation of real scintillated GPS carrier phase
samples (

). The signal is then simulated via complex modulation algorithm (i.e. adding phase

scintillation to the phase of the carrier wave and multiplying the carrier amplitude by the square
root of intensity scintillation) [Ghafoori, 2012].
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Figure A.3. GPS signal simulator. Blocks A, B and C simulate C/A-code, the navigation message,
and the P-code, respectively [Ghafoori, 2012].

As shown in block A in Figure A.3, a 1.023 MHz square pulse generator is employed in the
simulation of the GPS C/A-code. The resulting square pulses are fed into a settable counter (the
C/A-code counter) to make it count up at every falling edge of the input pulse until it reaches
1023, corresponding to the 1023 chips in one complete PRN sequence. Following this is a twodimensional C/A-code look-up table. The first dimension of the table designates the list of
current PRN numbers (ranges from 1 to 32) and, for each PRN number, the second dimension
determines the corresponding pseudo noise sequence (containing 1023 chips as controlled by the
C/A-code counter). The resulting C/A-code is then combined with the navigation message, and
modulated onto a cosine carrier wave. Each navigation data bit is 20 ms long (corresponding to
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50 Hz bit rate), and contains 20 copies of the C/A-code PRN sequence. As illustrated in block B,
the output of the C/A-code counter is used to simulate the navigation data sequence.
Accordingly, the navigation period counter is reset by the C/A-code counter after running
through 20 PRN sequence replicas [Ghafoori, 2011].
The next block is the navigation message counter. This counter is reset by the navigation period
counter every 30 seconds, corresponding to 1500 navigation bits in one complete navigation
frame. Navigation data look-up table determines if there should be any bit transition in the
navigation data. The generation of the P-code is shown in block C. Since it is not relevant to the
tracking algorithm, the P-code is simulated as a random sequence of 1 using a 10.23 MHz
square pulse generator. The resulting code is then combined with the navigation message and
modulated onto a sine carrier wave. Since the L1 P-code signal is weaker than L1 C/A-code by
3 dB, the L1 P-code is attenuated by 3 dB relative to L1 C/A-code before the two components
are combined. In the last step of the simulation, the resulting noise from noise generator is added
to the GPS signal [Ghafoori, 2012].
AVI.2 Simple GNSS Software Receiver
In addition to the (state-of-the-art) GSNRx™ software receiver used to process scintillation data
in Chapters 4 and 5, a (simple) MATLAB based software implementation of GPS receiver is
used to process scintillated GPS signals. Consequently, a generic implementation of the tracking
loop is exploited to determine scintillation impact on low-cost single-frequency marine and
aviation receiver performance. The combined code-carrier tracking channel diagram is shown in
Figure A.4 [Ghafoori, 2012].
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Figure A.4. The block diagram of a code and carrier tracking channel [Ghafoori, 2012].

For every 1 ms, the in-phase (I) and quadrature (Q) signals are generated from the incoming
signal through multiplication with the reference I and Q signals produced by the Numerical
Controlled Oscillator (NCO). Subsequently, the signals are multiplied with the prompt, early and
late code replicas, with the early and late codes being 0.5 chips shifted with respect to the
prompt code. Following this, the outputs are integrated (summed up) over

ms integration

(accumulation) time. The six correlation output numerical values (IE, IP, IL, QE, QP, and QL)
are then used in the code and carrier loop discriminators to generate error signals. Based on the
error signals, the code and carrier loop filters issue speed-up/slow-down commands to the code
and carrier generators, respectively [Ghafoori, 2012].
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To give an example, Figure A.5 illustrates the carrier tracking loop phase discriminator outputs
for non-scintillated (top) and scintillated (bottom) GPS signals. Scintillation parameters used for
this simulation are

and

(rad). For both cases, it is assumed that signal C/N0 =

46 (dB-Hz) and noise power is N0 = -201(dBw/Hz). Cade phase shift and Doppler frequency are
selected randomly in the range [1 1022] chips and [-7000 7000] Hz, respectively. The red line in
both panels displays the standard deviation of the phase error calculated over 20 ms intervals.
The result of tracking the scintillated signal clearly shows higher errors compared to nonscintillated signal.

Figure A.5. Carrier tracking loop phase discriminator output and phase error standard deviation
(in units of cycles) for non-scintillated (top) and scintillated (bottom) signals. The red lines show
standard deviation of the phase error over 20 ms intervals.
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AVI.3 Modeling High Latitude Scintillation Impact GPS Signal
To model the impact of ionospheric scintillations on the simple GPS receiver introduced in
Section AVI.2 and provide a full variety of test cases to evaluate carrier tracking loop
performance, different intensity and phase scintillation time-histories are obtained following the
work of Hegarty et al. [2001]. The stochastic model of scintillation activity (see Section 2.2.3) is
combined with signal tracking loop model to obtain a set of receiver performance parameters as
a function of scintillation measurements.
AVI.3.1 Carrier Tracking Loop Model
The function of the carrier tracking loop or phase locked loop (PLL) is to refine the coarse
estimate of Doppler error (

) and carrier phase error (

) from acquisition stage. The PLL is

modeled as a control system that uses feedback to control the behaviour of the carrier wave
generator, known as the numerically controlled oscillator (NCO). PLL model is described in
Section 2.1.3 and illustrated in Figure 2.1.
AVI.3.2 Auroral Scintillation Simulations
To test the tracking loops performance of the simple GPS receiver introduced in Section AVI.2,
a simple statistical model for simulating trans-ionospheric radio wave scintillation is used. The
model exploits statistical characteristics of scintillation parameters (i.e. intensity and phase
scintillation probability distribution functions and variances) to generate different scintillation
scenarios corresponding to various scintillation activities.
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As stated in Chapter two, ionospheric intensity scintillation follows the Nakagami-m distribution
with normalized standard deviation

, and phase scintillation follows a zero-mean Gaussian

distribution with standard deviation

. The intensity and phase scintillation probability density

functions are given in Equations (2.3) and (2.5), respectively.
To apply the effect of intensity scintillation, the bivariate gamma function (

) with marginal

density function [Hegarty et al., 2001]

( )

is used, where

(

⁄ )
( )

denotes intensity of scintillation signal equal to

(A.26)

with

being scintillation

signal amplitude (see Equation (4.1)). Equation (A.26) is similar to Equation (2.3) with
, where

is related to

via

. The effect of intensity scintillation is applied

to the simulated GPS signal via multiplying the nominal signal’s amplitude by the square root of
the bivariate gamma random variables with standard deviation

. Phase scintillation time

histories are simulated using a Gaussian random number generator with a standard deviation
equal to

. The resulting phase scintillation time histories are then added to the phase of the

simulated carrier wave.

and

values are obtained from CHAIN scintillation monitoring

database and used in the scintillation simulation model to derive realistic time histories.
AVI.4 Results and Analysis of High Latitude Scintillation Impact on GPS Receiver
With the aim to investigate low-cost GPS receiver performances, this section provides results
from processing various scintillation cases and analyzes the impact of scintillation on tracking
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loop error and probability of loss of signal lock. Options for improving receiver performance are
also explored. From Figure A.2 it is observed that majority of real scintillation parameters
measured in CHAIN stations (see Figure A.1) vary between 0 to 0.3 for

and 0 to 1.5 for

.

Based on these observations, different pairs of intensity and phase scintillation indices are
selected (from Figure A.2) as shown in Table A.1, to generate scintillation time histories for
different scintillation conditions.
Table A.1. Pairs of intensity and phase scintillation indices selected from real measurements at high
latitude stations in Figure A.2.

.00

.00

Each set of scintillation time-histories is then modulated on unperturbed GPS L1 C/A signal with
the following settings:

-

PRN number: PRN 1.

-

Code phase shift: 120 chips.

-

Doppler frequency shift: 900 Hz.

-

C/N0: 49 dB-Hz

-

Sampling frequency: 2E+6 Hz.
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The resulting signal is processed in the tracking loops. The subsequent carrier tracking error,
resulting from the effect of ionospheric scintillation and receiver thermal noise is obtained for
analysis.
AVI.4.1 Receiver Tracking Loop Lock Threshold
⁄

As a rule-of-thumb, the one sigma carrier tracking error should not exceed

0.26 rad or 15 degrees [Jwo, 2001; Misra and Enge, 2011]. Otherwise the loop is considered to
have lost signal lock. Tracking error at the output of the PLL is modeled as ionospheric phase
scintillation (

), receiver thermal noise (

), and the receiver oscillator noise (

) [Conker et

al., 2003]. Thermal noise in presence of scintillations is modeled as a function of amplitude
scintillation index (see Equation (2.4)). Typically,

is assumed to be equal to 0.1 radian (5.7

deg) [Conker et al., 2003]; however, this can change depending on the receiver oscillator quality.
Therefore, assuming

= 0.1 rad, if the PLL tracking phase error from collective impact of

ionospheric phase scintillation and thermal noise exceed

= 0.16 rad = 9.16 deg,

signal loss of lock is considered.
Assuming

and different phase scintillation conditions (

and

rad),

Figures A.6 to 5.9 show carrier tracking error resulting from the effects of phase scintillation and
thermal noise at carrier tracking loop filter bandwidths of
In all cases, for

= 8, 10, 15, and 25 Hz, respectively.

1 rad (see lower right panel in each figure), the tracking error standard

deviation closely approaches or exceeds the tracking error threshold of 0.16 rad. Therefore,
phase scintillation index

1 rad is considered a challenging level of phase scintillation for the

generic L1 carrier tracking loops under the auroral conditions of weak amplitude scintillation.
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Figure A.6. Carrier tracking loop phase discriminator output (black) and phase error standard
deviation (red) for =0.1 at
=8 Hz, C/N0=49 dB-Hz, and weak to strong phase scintillations
( =0.05, 0.3, 0.7, and 1 rad).

Figure A.7. Carrier tracking loop phase discriminator output (black) and phase error standard
deviation (red) for =0.1 at
=10 Hz, C/N0=49 dB-Hz, and weak to strong phase scintillations
( =0.05, 0.3, 0.7, and 1 rad).
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Figure A.8. Carrier tracking loop phase discriminator output (black) and phase error standard
deviation (red) for =0.1 at
=15 Hz, C/N0=49 dB-Hz, and weak to strong phase scintillations
( =0.05, 0.3, 0.7, and 1 rad).

Figure A.9. Carrier tracking loop phase discriminator output (black) and phase error standard
deviation (red) for =0.1 at =25 Hz, C/N0=49 dB-Hz, and weak to strong phase scintillations
( =0.05, 0.3, 0.7, and 1 rad).
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From Figures A.6 to A.9 it can be concluded that tracking error is a function of carrier tracking
loop noise equivalent bandwidth. Next sub-section provides an analysis on the effect of loop
bandwidth on tracking results.
AVI.4.2 Tracking Loop Noise Equivalent Bandwidth
It is shown in Ghafoori [2012] that the equivalent noise bandwidth

has a significant effect on

the carrier tracking loop performance when it is subject to system dynamics, ionospheric
disturbance and thermal noise. The carrier loop requires a wide bandwidth for its efficient
performance during system dynamics and phase scintillations, whilst for a better thermal noise
and intensity scintillation performance a narrow bandwidth is required. In this context, the
optimum selection of loop bandwidth refers to a bandwidth that minimizes the total tracking loop
error variance when all sources of errors are present.
To investigate these effects, the tracking loop error standard deviation is measured (in units of
radians) for different loop noise bandwidths. Since phase scintillation impact is of more
importance at high-latitudes, for two constant intensity scintillation levels (

and

), different scintillation time histories corresponding to different levels of phase
scintillation (

rad) are generated and modulated on a simulated GPS signal with

C/N0 = 49 dB-rad. The results are shown in Figures A.10 and A.11. In both figures, as phase
scintillations gets stronger, low loop bandwidths result in higher tracking errors.
A narrow bandwidth (

Hz), while beneficial for reducing noise, cannot accommodate the

scintillation phase dynamics and increase the errors. A wide loop bandwidth (
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Hz), on

the other hand, increases the level of thermal noise. For the tests performed and illustrated in
Figures A.10 and A.11, the lowest level of tracking error for all phase scintillation conditions is
achieved for

Hz. For all bandwidths, however, the tracking error resulting from the

collective effect of thermal noise and phase scintillation exceed 0.16 rad for

rad.

Figure A.10. L1 carrier phase tracking error standard deviation vs. phase scintillation index for
different loop bandwidths (
).
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Figure A.11. L1 carrier phase tracking error standard deviation vs. phase scintillation index for
different loop bandwidths (
).

AVI.4.3 Receiver Oscillator Noise
The phase tracking error variance

in the presence of oscillator noise, thermal noise and

ionospheric scintillation is given in Equation (2.3). As mentioned,

rad is typically

assumed for the receiver oscillator noise [Conker at al., 2003]. However, this value depends on
the oscillator quality. For low-cost receivers, increase oscillator errors reduce the receiver
tolerance in presence of scintillations and probability of loss of lock increase. Assuming loop
bandwidth

Hz,

tracking lock threshold of

, and

and considering the overall one-sigma phase

0.26 rad, Figure A.12 illustrates the effect of oscillator noise

on probability of loss of lock.
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Figure A.12. The effect of receiver oscillator noise on probability of loss of signal lock.

AVI.5 Summary
An investigation on auroral scintillation effects on a simple GPS receiver was performed. Real
intensity and phase scintillation measurements obtained from high latitude scintillation
monitoring stations were used to simulate scintillation effects on unperturbed GPS signals. The
resulting tracking error was found to be dependent on the tracking loop noise equivalent
bandwidth

. While a narrow bandwidth is required for efficient performance in presence of

thermal noise and intensity scintillation, a wide bandwidth is beneficial for reducing system
dynamics and phase scintillation effects. Under weak and moderate intensity scintillation effects
(which are often the case at high latitudes) loop bandwidth of

15 Hz was found to give the

lowest level of tracking errors for phase scintillations of

0.05 - 1.3 rad. With a sufficiently

high C/N0 and assuming fixed receiver oscillator noise of

rad, it was observed that for

all loop bandwidths the tracking error resulting from collective effect of thermal noise and phase
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scintillation approach or exceed tracking loop lock threshold for

rad. Therefore,

rad is considered a challenging level of phase scintillation for the generic L1 carrier tracking
loops under the auroral conditions of weak amplitude scintillation.
In low-cost GPS receivers, the receiver oscillator noise can be higher than more complicated
receivers. This can reduce the tolerance of the receiver during scintillations and increase the
probability of loss of lock. It was shown that for fixed

,

, and

lock significantly increase with higher receiver oscillator noise.
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the probability of loss of

