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Professor Ali Ghanbarpour-Dizboni:
Chair / Président

Dr. Glenn Hussey (University of Saskatchewan):

Examiner External to RMC / Examinateur externe au CMR

Dr. Manish Jugroot:
Examiner External to the department and internal to RMC /
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Abstract

Cushley, Alex Clay. Ph.D. Royal Military College of Canada, November 2019. IONO-

SPHERIC SOUNDING USING FARADAY ROTATION OF SIGNALS OF OPPOR-

TUNITY: Ionospheric Sounding Using Signals Of Opportunity. Supervised by Dr.

Jean-Marc Noël, Ph.D.

Ionospheric sounding using signals of opportunity is the practice of using any type of

signal that is intended for another purpose to measure parameters that characterize

the ionosphere. Numerical modelling has demonstrated that Automatic Dependent

Surveillance-Broadcast (ADS-B) and Automatic Identification System (AIS) signals

are subject to Faraday rotation (FR) as they pass through the ionosphere. Ray

tracing techniques were used to determine the characteristics of individual waves, in-

cluding the wave path and the state of polarization. The modelled FR was computed

and used to infer the total electron content (TEC) along the paths. TEC data was

used as input for computerized ionospheric tomography (CIT) in order to reconstruct

electron density maps of the mid-latitude ionosphere. A technique is also developed

to obtain a more realistic value for the average parallel component of the magnetic

field along the path. This improves the estimation of TEC from FR (and vice-versa).

Another method to create an electron density profile using three tunable parameters

and independent FR and TEC measurements is also presented.

Keywords: Automatic Dependent Surveillance-Broadcast (ADS-B), Automatic

Identification System (AIS), Faraday rotation, electromagnetic (EM) waves, radio

frequency (RF) propagation, ionosphere (auroral, irregularities, instruments and tech-

niques), electron density profile, total electron content (TEC), computer ionospheric

tomography (CIT), algebraic reconstruction technique (ART), single frequency.
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Résumé

Cushley, Alex Clay. Ph.D. Collège militaire royal du Canada, Novembre, 2019.

SONDAGE IONOSPHÉRIQUE UTILISANT LA ROTATION DE FARADAY DES

TRANSMISSIONS D’OPPORTUNITÉES: Sondage ionosphérique utilisant des trans-

missions d’opportunitées. Thèse dirigée par Dr. Jean-Marc Noël, Ph.D.

Le sondage ionosphérique à l’aide de signaux d’opportunité est la pratique qui con-

siste à utiliser tout type de signal destiné à mesurer les paramètres caractéristiques de

l’ionosphère. La modélisation numérique a démontré que les signaux de surveillance

dépendante automatique en mode diffusion (ADS-B) et de système d’identification

automatique (AIS) sont soumis à la rotation de Faraday (FR) lorsqu’ils traversent

l’ionosphère. Les techniques de traçage de rayons ont été utilisées pour déterminer les

caractéristiques des ondes individuelles, y compris le trajet des ondes et l’état de po-

larisation. Le FR modélisé a été calculé et utilisé pour déduire le densité électronique

total (TEC) le long des trajectoires. Les données TEC ont été utilisées pour la to-

mographie ionosphérique informatisée (CIT) afin de reconstruire les cartes de densité

électronique de l’ionosphère aux latitudes moyennes. Une technique est également

développée pour obtenir une valeur plus réaliste de la composante parallèle moyenne

du champ magnétique le long du trajet. Cela améliore l’estimation de TEC à partir

de FR (et vice-versa). Une autre méthode pour créer un profil de densité électronique

utilisant trois paramètres réglables et des mesures indépendantes de FR et TEC est

également présentée.

Mots clés : L’ADS-B, L’AIS, rotation de Faraday, ondes électromagnétiques, propa-

gation radioélectrique, l’ionosphère (auroral, irrégularités, instruments et techniques),

le profil de densité d’électrons, contenu électronique total (TEC), tomographie infor-

matisée ionosphérique, technique de reconstruction algébrique, fréquence unique.
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Résumé . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xvi

Chapter 1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1. Thesis Aim . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2. Chapter Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3. Introduction to the Ionosphere . . . . . . . . . . . . . . . . . . . . . . 4

1.3.1. Context of the Problem: Earth’s Ionosphere . . . . . . . . . . 12
1.4. Introduction to Computerized Tomography (CT) . . . . . . . . . . . 19

1.4.1. Computerized Ionospheric Tomography (CIT) . . . . . . . . . 23
1.5. Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

Chapter 2. Theoretical Considerations . . . . . . . . . . . . . . . . . . 31
2.1. Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.2. The Ionosphere . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.2.1. Regions of the Ionosphere . . . . . . . . . . . . . . . . . . . . 34
2.2.2. Why Study the Ionosphere? . . . . . . . . . . . . . . . . . . . 36

2.3. Plasma Interaction with EM-Wave Propagation . . . . . . . . . . . . 36
2.3.1. Wave Polarization . . . . . . . . . . . . . . . . . . . . . . . . 37
2.3.2. Radio Waves in a Magnetized Plasma . . . . . . . . . . . . . 38
2.3.3. Faraday Rotation (FR) . . . . . . . . . . . . . . . . . . . . . 44

Chapter 3. Application . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.1. Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.2. Signals of Opportunity . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.2.1. Automatic Dependent Surveillance Broadcast (ADS-B) . . . 48
3.2.2. Automatic Identification System (AIS) . . . . . . . . . . . . 57
3.2.3. Automatic Packet Reporting System (APRS) . . . . . . . . 58

3.3. Ray Tracing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.4. Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.4.1. The Inverse Problems . . . . . . . . . . . . . . . . . . . . . . 64
3.4.2. Computer Tomography (CT) . . . . . . . . . . . . . . . . . . 66
3.4.3. Computerized Ionospheric Tomography (CIT) . . . . . . . . . 66

viii



3.4.4. Algebraic Reconstruction Technique (ART) . . . . . . . . . . 68
3.4.5. Ambiguity of FR Measurements . . . . . . . . . . . . . . . . 83

Chapter 4. Ionospheric tomography using ADS-B signals . . . . . . 87
4.1. Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4.2. The Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4.3. Published Paper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

Chapter 5. Faraday rotation of Automatic Dependent Surveillance-
Broadcast (ADS-B) signals as a method of ionospheric character-
ization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
5.1. Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
5.2. The Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
5.3. Published Paper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

Chapter 6. Faraday Rotation, total electron content, and their sen-
sitivity to the average parallel component of the magnetic field . 120
6.1. Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
6.2. The Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
6.3. Published Paper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

Chapter 7. Ionospheric sounding and tomography using Automatic
Identification System (AIS) and other signals of opportunity . . . 138
7.1. Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
7.2. The Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
7.3. Accepted Paper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

Chapter 8. Conclusions and Future Work . . . . . . . . . . . . . . . . 177
8.1. Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
8.2. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
8.3. Key Findings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

8.3.1. Summary of Important Results . . . . . . . . . . . . . . . . . 185
8.4. Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190

Appendix A. Copyright Agreements . . . . . . . . . . . . . . . . . . . 210

CURRICULUM VITAE . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230

ix



List of Tables

Table 1.1. The variability in ionospheric peak density, MUF and TEC over
the diurnal and solar cycle [Anderson and Fuller-Rowell , 1999]. . . . . . 13

Table 3.1. FR as a TEC observable; a comparison of the expected FR from
Eqn. 2.11 for ADS-B, GPS L1 and L2, AIS ( 161.975 MHz (ch 87) and
162.025 MHz (ch 88)) and APRS. . . . . . . . . . . . . . . . . . . . . . 85

x



List of Figures

Figure 1.1. On a global scale, the aurora takes the form of an oval centred
on the Earth’s magnetic poles and are called the auroral oval due to its
shape [Perron, 2014]. Figure adapted from Aurora Service [2016]. . . . 5

Figure 1.2. Typical mid-latitude IED profiles for day and night, maximum
and minimum sunspot conditions. Solid lines are for high solar activity.
Dotted lines are for solar minima. The red line is the typical altitude
(∼300 km) of the maximum electron number density. Adapted from a
wall-chart by W. Swider entitled Aerospace Environment, US Air Force
Geophysics Laboratory, Hanscom Air Force Base, Massachusetts. . . . . 7

Figure 1.3. Structure of the neutral atmosphere and ionosphere adapted from
Kelley [1989]; Anderson and Fuller-Rowell [1999]. The plasma density of
the ionospheric regions varies greatly, as shown in the right panel. The
predominant ion populations are shown for the E- and F -regions as well
as the topside. Lighter ions tend to dominate higher altitudes [Cushley
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Chapter 1

Introduction

1.1 Thesis Aim

The goal of this thesis is to investigate the feasibility of ionospheric sounding using

signals of opportunity. More specifically, the feasibility of using two different signals,

namely 1090 MHz Automatic Dependent Surveillance Broadcast (ADS-B) signals

from aircraft and ∼162 MHz Automatic Identification System (AIS) signals from

ships, to estimate total electron content (TEC) along the signal paths, and to create

two-dimensional (2D) ionospheric electron density (IED) maps. Consequently, this

research demonstrates the dual-purpose of a single payload for improving air/nautical

traffic management and for scientific observation of the ionosphere.

As electromagnetic (EM) waves propagate through the electrically charged iono-

sphere in the near-Earth space environment they are modulated and can provide an

opportunity to model the medium through which they have passed. Modelling the

IED of Earth’s ionosphere (and plasmasphere) in general is essential in determining

the state of ionospheric activity, as is discussed more in Chapter 2. This information

can be used to correct for propagation delays in satellite communications, predicting

space weather, and ionospheric disturbances due to geomagnetic storms and solar

flares [Jin et al., 2006].

The 1090 MHz ADS-B signal was proposed in support of research conducted in

space mission analysis and design (SMAD) at the Royal Military College of Canada

(RMC) pioneering the use of ADS-B in space due to its global adoption as the stan-

dard mode of ADS-B, especially for larger aircraft Tremblay et al. [2009]. Moreover,

for this research, the ADS-B signal was selected for several other reasons: this fre-

quency allows for robust operational communications yet measurable perturbation

due to ionospheric effects, the spatially dense dataset that was estimated by the ge-

ometry between multiple transmitting aircraft and the passive satellite receiver(s),

1
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and to support the expedition of an operational ADS-B constellation.

The ∼162 MHz AIS signal was selected to compliment and compare ADS-B data.

AIS signals transmitted by ships are received by a satellite constellation and relayed

to a ground network in near real-time. The AIS constellation provides updated in-

formation on identified vessels, including their respective locations and a wide range

of other relevant maritime geospatial information at least once per hour. This same

space mission analysis and design architecture was the inspiration for a proposed

deployment of space-borne ADS-B transceivers to monitor air traffic [Francis et al.,

2011].

Although there are satellites currently carrying ADS-B and AIS receivers, data

for ionospheric sounding is not available. For this reason, “synthetic” data was used

for these studies as a proof of concept for real data. This work communicates the im-

portance and feasibility of using signals of opportunity, specifically linearly polarized

single frequency signals for ionospheric sounding. It is assumed in these simulations

that a double-dipole or quad monopole satellite antenna configuration capable of mea-

suring the FR to within 1◦ has been deployed. It is important to note, both as an

engineering challenge and design requirement for future satellites, that the orientation

of the satellite must be known to achieve this accuracy.

At the time this research was initiated, the primary benefit of ADS-B was to

improve Canada’s flight safety and efficiency by providing timely, cost-effective wide-

area surveillance over the Hudson Bay region, with the eventual expansion to global

real-time air-traffic control (ATC). Since the scientific model presented in this thesis

cannot be used until the concept demonstrator or the dedicated ADS-B satellite was

in orbit, the primary objective of the research was to support the immediate use of

ADS-B ATC from space.

ADS-B signals were first detected at 35 km, well above commercial flight level (∼10

km) by a high altitude balloon mission, which successfully demonstrated the reception

of ADS-B signals from near space, paving the way to the development of a space-based

ADS-B system [Francis et al., 2011]. Since that time, ADS-B receivers have been

flown on satellite demonstrators, including the CanX-7 nano-satellite [University of
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Toronto Institute for Aerospace Studies Space Flight Laboratory , 2014], however data

has not been made available and is only being used for ATC, its intended purpose.

The topic of ionospheric modelling within the scope of ADS-B has not been ex-

plored prior to the work by Cushley [2013]. All previous work surrounding ADS-B

technologies by Tremblay et al. [2009]; Francis [2009]; Francis et al. [2011]; Castillo

et al. [2012]; Van Der Pryt [2014]; Van Der Pryt and Vincent [2015a,b, 2016]; Vincent

and Van Der Pryt [2017]; Freitag [2017] were oriented towards the feasibility of the

signal for operational communications, not the potential secondary scientific benefits,

which is the focus of this thesis. The motivation for this study is to investigate the

potential exploitation of ADS-B operational data to contribute to current methods

of IED mapping, primarily at high latitudes and oceanic regions.

In order to characterize the ionospheric electron content under different geometric,

geomagnetic and solar conditions, this research combines knowledge extracted from

EM-wave propagation theory, IED and geomagnetic models, to produce independent

static data of the wave properties received at the satellite receiver using a ray tracing

model. The synthetic data produced by ray tracing is what the satellite ought to

measure and this data was applied to the techniques and findings in the published

papers presented in Chapters 4 – 7.

1.2 Chapter Overview

In this chapter, we introduce some elements of the Sun–Earth environment and plasma

physics as they relate to the ionosphere as background to the specific ionospheric re-

search described by this thesis. To remain concise, we only touch upon a few of the

solar-terrestrial relationships, features and properties relevant to this research, partic-

ularly those which influence the IEDs in the high-latitude F–region ionosphere. We

will also discuss ionospheric sounding and mapping of TEC and IED. Particular detail

will be given to a remote sensing technique that has been used to study the complex

plasma structures in the ionosphere among many other applications in different fields

such as computerized tomography (CT). In the final section, the problem is described



4

with a brief introduction to an inverted computerized ionospheric tomography (CIT)

system, and how the remainder of the thesis will be organized.

1.3 Introduction to the Ionosphere

The Earth’s ionosphere is a region of Earth’s upper atmosphere between approx-

imately 60-1000 km altitude, comprised of free electrons, different molecular ions

and neutral particles, where photoionization by solar extreme ultraviolet (EUV) and

X-ray radiation/photons, and impact ionization by charged particles causes ioniza-

tion. Typically, on a macroscopic scale the ionosphere contains an equal number of

electrons and ions, a property of a quasi-neutral plasma. Plasmas do not occur spon-

taneously in nature. They are created from initially neutral, un-ionized molecules by

radiation, heating and collisions. [Rose and Clark Jr., 1963; Jahn, 1968; St-Maurice,

1998; Schunk and Nagy , 2000; Bellan, 2008]

Although the plasma state of matter is not found in abundance on Earth (with

exceptions such as lightning, arcs from welding or plasma cutters, sparks from static

discharge or electrical outlets), in fact greater than 99 % of the visible universe is in

a plasma state [Chen, 1984]. Plasmas are abundant in the universe, including the

majority of our solar system. Life on Earth is a rare exception, however all matter

above ∼80 km altitude must be treated using plasma-physical methods [Treumann

and Baumjohann, 1996].

At high latitudes and above an altitude of ∼80 km there is another example

of a well-known terrestrial plasma, a well-known and often observable phenomenon

occurs namely the Aurora Borealis (northern lights) in the northern hemisphere and

the Aurora Australis (southern lights) in the southern hemisphere. The aurora is

caused by electrons (and protons, although they only produce diffuse aurora that are

not easily detected by the naked eye) striking the atmosphere at high speed. The

particles originate from the magnetosphere and spiral down Earth’s magnetic field

lines. These particles produce a spectacular array of light, and when they strike the

atmosphere they can also produce ionization. The auroral oval is named because
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of its shape (see Fig. 1.1). It exists in both hemispheres above about 60 degrees

geomagnetic latitude [Anderson and Fuller-Rowell , 1999].

Figure 1.1: On a global scale, the aurora takes the form of an oval centred on the Earth’s

magnetic poles and are called the auroral oval due to its shape [Perron, 2014]. Figure adapted

from Aurora Service [2016].

At altitudes above ∼90 km the Earth is surrounded by a plasma of higher density

than auroral altitudes [Gurnett and Bhattacharjee, 2005]. Considering that the uni-

verse is predominantly in a plasma state, it is surprising that the mass of the particles

that comprise it make up less than 1 % of the mass of the atmosphere above 100 km
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[Anderson and Fuller-Rowell , 1999]. Despite this fact, the ionosphere is significant

due to the effect it has on radio wave propagation above ∼30 MHz [Tucker , 1998].

The ionosphere also has a significant effect on the processes governing atmospheric

electricity, and forms the inner edge of the magnetosphere.

Space weather links the Sun, the Earth, and the space environment in between.

Space weather systems can generate interplanetary storms of immense size and energy

that can envelop whole planet(s) such as Earth [Birkeland , 1908; Kleimenova et al.,

2011]. Typically sub-storms last 1-5 hours and disturb the magnetic field of Earth’s

magnetosphere 1–4 times per day, making them (along with geomagnetic storms) the

primary mechanism by which magnetic energy from the Sun is transported through

the magnetosphere and into the auroral ionosphere [Tanskanen et al., 2005]. Such

storms can adversely affect complex and expensive technological systems that provide

much of the infrastructure that allows modern society to function. Therefore, studying

the Earth’s ionospheric plasma content is an important endeavour that has a direct

input into space situational awareness and applications that exploit this knowledge

[Perron, 2014; Frissell et al., 2014].

The ionosphere can be regarded initially as a neutral gas. As solar radiation irra-

diates the chemical constituents that compose the ionosphere, electrons become dis-

lodged from atoms and molecules producing ionization [Anderson and Fuller-Rowell ,

1999]. The radiation received, and consequently the amount of ionization is also per-

turbed by geographical location (polar, auroral, mid-latitude, or equatorial region)

sunspot cycles, and solar flares. For example, the local winter hemisphere is tipped

away from the Sun, thus receiving less solar radiation.

Other mechanisms which disturb the ionosphere activity, but are less predictable

are: solar flares, coronal mass ejections (CMEs) and other cosmic releases of charged

particles into the continuous radiation throughout the EM spectrum from the Sun,

called solar wind. The solar wind reaches the Earth and interacts with the geomag-

netic field, distorting the magnetosphere which shields Earth from this solar radiation

[Chen, 1984].

Ionization is primarily dependent on solar activity, although some high energy
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cosmic particles reaching Earth’s atmosphere can also contribute. Since the amount

of ionization is governed mainly by the Sun, there is a great deal of variation due to

the amount of solar radiation reaching Earth. This results in diurnal and seasonal

variations shown in Fig. 1.2. It is evident that the solar dependence means that

day-side electron densities are typically much greater than those on the night-side.

Ionization occurs mostly on the sunlit side of the Earth, while recombination processes

dominate on the night-side [Cushley , 2013].

Figure 1.2: Typical mid-latitude IED profiles for day and night, maximum and minimum sunspot

conditions. Solid lines are for high solar activity. Dotted lines are for solar minima. The red line

is the typical altitude (∼300 km) of the maximum electron number density. Adapted from a

wall-chart by W. Swider entitled Aerospace Environment, US Air Force Geophysics Laboratory,

Hanscom Air Force Base, Massachusetts.

The altitude and densities of all ionospheric layers are highly variable depending

on season and solar activity. The complex composition of the ionosphere compli-

cates matters further. The ionosphere is dominated by different species at different

altitudes (see the right panel of Fig. 1.3) and these species have different ionization

and recombination rates. The total or net ionization is determined by the difference

between the ionization and recombination reactions. For example, diurnal variations
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can cause the D and F1 layers to vanish at night, whereas the E and F2 layers

tend to persist. Following local sunset the D- and E -regions reduce and often dis-

appear completely on the night side, particularly at high latitudes due to molecular

recombination.

The radiative recombination rates for O+
2 and NO+ are on the order of ∼ 10−7.

In the higher altitude F -region, the number of O+ decrease and lighter ions such

as hydrogen (H+) and helium (He+) dominate the reaction rates of ionization and

recombination which are on the order of ∼ 10−12 [Schunk and Nagy , 2000]. F -region

altitudes are also illuminated longer after local sunset than lower altitudes. Since the

recombination rates for the dominant constituents of the D- and E - region are 105

higher, combined with lower ionization levels after sunset where ionization is primarily

due to residual levels of far-field cosmic sources of radiation, recombination becomes

the predominant mechanism at night.

The D-region (60-90 km) is the most chemically complex because ionization levels

are quite low and its properties can vary significantly compared to the weakly colli-

sional E -region (105-150 km) and the quasi-collisionless F -region (>150 km) [Schunk

and Nagy , 2000; Kelley , 2009]. Below 150 km NO+ and O+ dominate the plasma

composition, behaviour and interactions, whereas the F -region is composed mostly

of atomic oxygen. The D-region can play a critical role in ionospheric physics (e.g.

turbulence) because of these neutral atmospheric interactions. On much shorter time

scales, the variation in the D- and E -region ionization can change dramatically due

to solar flares release of excess X-ray radiation.

The presence of these charged particles in the ionosphere allows electric current

to flow which helps explain how the propagation of radio waves are facilitated by

the ionospheric plasma, and its adverse effects on radio frequency (RF) EM wave

propagation. Interestingly, the Earth’s ionosphere was discovered by observing radio

waves being reflected by an unknown layer. The waves properties could only be

explained by the presence of a reflecting layer composed of electrons and positive

ions [Lodge, 1902; Ratcliffe, 1967]. The letter designations D-, E - and F - (F1 and

F2 ) came from the successive plateaus in radio sounding; a ground based transmitter
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ray

Figure 1.3: Structure of the neutral atmosphere and ionosphere adapted from Kelley [1989];

Anderson and Fuller-Rowell [1999]. The plasma density of the ionospheric regions varies greatly,

as shown in the right panel. The predominant ion populations are shown for the E- and F -

regions as well as the topside. Lighter ions tend to dominate higher altitudes [Cushley and Noël ,

2014].

swept through multiple frequencies to observe the critical frequency at which the

radio wave was reflected. The E -layer was the first to be discovered and labelled

as such for being the layer which reflected the E-vector of the radio wave (see Fig.

1.4). The lower D-, and higher F -layers were discovered later and named according

to their ascending relationship with the predefined E -layer [Bauer , 1973; Schunk and

Nagy , 2000; Kelley , 2009]. The F -region is further subdivided into two sub-regions:

F1 (160-180 km) and F2 ( with peak density at approximately 300 km).

The existence of different ionospheric regions is caused mainly by the complex

composition of the neutral atmosphere and partly due to hydrostatic balance [Huba

et al., 2014]. It is a mixture of gases that differ in their susceptibility to ionizing
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Figure 1.4: An ionogram is the visual product of ionosonde data. It is a plot of the time between

when the signal is transmitted and received as a function of frequency. The time of propagation

is related to the vertical height that the wave is reflected by the ionosphere. Each layer is

represented by a smooth curve, separated from other layers by an asymptote at the critical

frequency of that layer. Ionograms can also be converted into electron density profiles. Image

provided by National Centers for Environment Information.

radiation, and thus produce maximum ionization at different altitudes.

The ionosphere is a dynamic system controlled by many parameters including

acoustic motions of the atmosphere, electromagnetic emissions, and variations in

the geomagnetic field. Any atmospheric disturbance affects the distribution of the

ionization. As a result, the boundaries of the ionosphere and its regions are not

particularly well defined. Various scientific literature sources such as: Chen [1984];

Kelley [1989]; Schunk and Nagy [2000]; Hunsucker and Hargreaves [2003] give various

boundaries for the lower and upper ionosphere, ranging from 60–100 km and 1000–

2000 km respectively. Realistically, there is no physical boundary separating the layers
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of the neutral atmosphere, including the ionospheric plasma, from the plasmasphere

and magnetosphere at the outer reaches of Earth’s magnetic field.

The ionosphere also interacts with the composition of the thermosphere and ther-

mospheric winds. The composition affects the rate that ions and electrons recombine,

while the thermospheric winds tend to push the ionosphere along the inclined mag-

netic field lines to a different altitude [Anderson and Fuller-Rowell , 1999; Pokhotelov

et al., 2008; Saranya et al., 2015]. During geomagnetic storms, the energy input at

high latitudes produces waves in the thermospheric winds and changes in the compo-

sition. This causes both increases (positive phases) and decreases (negative phases)

in the electron concentration [Anderson and Fuller-Rowell , 1999; Hanslmeier , 2007].

These features are otherwise known as blobs or enhancements and troughs or deple-

tions when examining multi-dimensional maps of the electron concentration.

The ionospheres dynamics are not only a function of latitude. Otherwise there

would exist hemispheric symmetry. Continuous observations of mid-latitude plasma

structures in the American sector have shown that they do not always fully map to

the opposite hemisphere [Martinis et al., 2011]. Structures that regularly appear in

one hemisphere do not necessarily occur in the other hemisphere or at least not to

the same extent and/or exact latitude. However, some conjugacy exists. In addition

to the variation of characteristic regions of the ionosphere, entire vertical profiles of

the ionosphere also exhibit a large degree of variation. This comes from main two

sources of ionization (aurora and thermospheric winds) in addition to the response to

changes of the neutral and upper atmosphere in which it is embedded [Anderson and

Fuller-Rowell , 1999]. For example, during a geomagnetic storm the auroral ionization

increases and expands to lower latitudes. In the most extreme cases, the respective

aurora of one hemisphere can be seen in the other hemisphere. The most devastating

coronal mass ejection (CME) in recorded history occurred 1-2 September 1859. The

Carrington Event shorted telegraph wires, starting fires in North America and Europe,

and caused bright aurorae (northern and southern lights). The aurora Borealis was

seen as far South as Cuba and Hawaii while the aurora Australis was seen as far

north as Brisbane [Carrington, 1859; BBC News , 2013]. Low latitude plasma bubbles
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can reach mid latitudes, not only during magnetically disturbed conditions, but also

during quiet epochs [McClure et al., 1977; Comberiate and Paxton, 2009; Abdu, 2012].

Mapping the ionosphere electron content is important for scientific study, research

and application development. The ionosphere offers a globally accessible plasma lab-

oratory from which observations, measurement and validation of theory can be per-

formed and extended to other less accessible systems (distant or difficult to contain).

This natural laboratory offers naturally occurring EM fields and events such as light-

ning strikes and the aurora that would otherwise be difficult to synthetically produce.

For example, lightning strikes cause the electron density to significantly change by

heating electrons, making ionization and dissociative attachment dominant processes

[Taranenko et al., 1993].

1.3.1 Context of the Problem: Earth’s Ionosphere

The atmosphere, ionosphere, and its layers are shown in Fig. 1.3. The peak density

altitude can be seen typically at ∼300 km, in the F -region, but with a high degree

of variation (see Fig. 1.2). The practical importance of studying the ionosphere,

is that it has a sufficient electron density to adversely effect EM-wave propagation

for satellite communications and distant Earth communications [Rawer , 1993]. The

most important layer from a navigation and communications perspective is the F2

layer, where the electron content reaches peak density. The F -layer is present on

both the day- and night-side ionosphere and is the layer principally responsible for

the refraction of radio waves [Hunsucker and Hargreaves , 2003].

The ionosphere plays a critical role in satellite communication, military commu-

nication and space science. Satellite signals passing through the ionosphere can be

delayed and refracted to such a degree that these effects cannot be ignored. The

delay and refraction are to the first order inversely proportional to the square of the

frequency of the signal. Specifically, the extent to which the signal is affected is pro-

portional to the amount of ionised gas or equivalently the number of free electrons or

TEC in the ionosphere along a ray path of unit cross-section from the transmitter to

the receiver. If the state of the ionosphere, particularly the distribution of the elec-
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tron density is known, the influence and consequential effects on radio propagation

and communications systems can be quantified [van der Merwe, 2011].

For high frequency (HF) communication, the propagation path of interest is a

sky-wave; radio waves are reflected off the ionosphere to another location on Earth’s

surface. In this case, the parameters of interest are the maximum/lowest usable fre-

quency (MUF/LUF respectively) that the ionosphere can reflect. The MUF depends

on the peak density in the F -region and angle of elevation of the incident EM wave.

Since the degree of ionization is sensitive to EUV radiation, the ionosphere varies

over a 24 hour period (day and night) as shown in Fig. 1.2. Similarly, ionospheric

variations are affected by the solar sunspot cycle (∼11 years). As a result, these pa-

rameters can change over the solar cycle, diurnally and due to solar and geomagnetic

disturbances that are difficult to account for (in models) or predict. Table 1.1 shows

the diurnal variation and change in the peak density (Nmax), MUF and TEC over

one solar cycle.

Table 1.1: The variability in ionospheric peak density, MUF and TEC over the diurnal and solar

cycle [Anderson and Fuller-Rowell , 1999].

The LUF is dependent on the degree to which the D- and E -region absorb the

radio wave and therefore it is significantly affected by solar X-ray events as shown by

Fig. 1.5 [Anderson and Fuller-Rowell , 1999; Zolesi and Cander , 2013].

Ionospheric altitudes encompass a region that is higher than aircraft fly, and only

the topside ionosphere is at satellite orbital altitudes. Intermittent scientific rocket

campaigns [Burchill et al., 2004; Sangalli et al., 2009; Abe and Moen, 2011] and high

altitude balloon experiments [Francis et al., 2011] in the lower ionosphere and occa-

sional space shuttle voyages through the ionosphere are the only sources of in-situ
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Figure 1.5: Comparison of the MUF and LUF over a 24 hour duration, during which a solar

X-ray event with a sudden onset at 07h00 took place. The event caused the LUF to exceed the

MUF, signifying an HF signal blackout until ∼ 08h00 [Anderson and Fuller-Rowell , 1999].

measurement. Sparse datasets (time and place of launch) exist at best. Therefore

satellite remote sensing techniques are used to provide more widely distributed mea-

surements for global studies.

Remote sensing techniques acquire information about the physical parameters

of an object without being in direct physical contact with it [Elachi and van Zyl ,

2006]. Measurements of changes caused by the object on its surrounding fields (e.g.

electromagnetic waves emitted or reflected, acoustic waves reflected or perturbed,

magnetic potential due to objects presence) provides information about the object

itself or the emissivity of the medium through which the EM energy propagates

through from the source to the sensor.

In the past, the scientific community has developed several methods and instru-

ments for observing the IED distribution; examples include vertical incidence sounders

[Mushini et al., 2009], incoherent scatter radar (ISR) [Lilensten et al., 2005], space-

borne topside sounders [Chen et al., 2011], in-situ rocket and satellite data and oc-
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cultation measurements [Burchill et al., 2004; Sangalli et al., 2009; Abe and Moen,

2011]. Another common method for the wide-area observation of mesoscale iono-

spheric structures (features ranging from 100 km to 1000 km in horizontal extent)

is the reception of signals on the ground from satellite radio beacons such as Global

positioning System (GPS). This method allows large segments of the ionosphere to

be observed in a relatively short period of time due to the motion of the satellite(s)

[Yizengaw et al., 2004]. These signals can be used to reconstruct the electron content

using techniques from CT.

Tomography has proven to be a useful tool in the development of Global Navi-

gation Satellite Systems (GNSS). These systems are affected by variations of IEDs,

particularly those that do not follow predictable patterns [Mitchell et al., 1997a; Ku-

nitsyn and Tereschenko, 2003; Max van de Kamp, 2012]. In CIT, the TEC measure-

ments are inverted and the resulting image is the reconstructed electron content of

the ionosphere. Although this method seems indirect, it is capable of yielding multi-

dimensional images. This is an obvious advantage over direct measuring techniques

such as in-situ ne measurement using meteorological balloons, sounding rockets, and

vertical sounders which give only localized data for a specific time and location [Max

van de Kamp, 2012; Cushley , 2013].

1.3.1.1 TEC

Total electron content (TEC in Eqn. 1.1) is a parameter that can be used to describe

the state of ionospheric activity and characterize propagation conditions, from the

navigation perspective in particular. The TEC along the path or within the plasma

column of unit cross-section is defined by:

TEC =

∫ l

0

ne dl (1.1)

where TEC is the integrated electron density ne along the path length l. GPS

satellites orbit at 22 200 km altitude and the signals received (by millions of users)

to determine position must be corrected to account for propagation delays due to

electron density variations over different paths through the ionosphere. The accuracy
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to which the propagation delay can be accounted directly correlates to the degree of

positional accuracy provided by a GPS receiver [Anderson and Fuller-Rowell , 1999].

Signal phase measurements suffer a negative delay and the code measurements

a positive delay from propagation through the ionosphere. To the first order, the

propagation delay can be calculated as a function of TEC and frequency. The propa-

gation time delay due to the ionosphere tdi is proportional to the TEC and inversely

proportional to the square of the frequency as shown in Fig. 1.6. This relationship is

given by Eqn. 1.2 [Marković, 2014; Subirana et al., 2016].

tdi =
e2

8π2meε0f 2

∫ l

0

ne dl = 40.3
TEC

f 2
(1.2)

where e = 1.602 × 10−19 C is the elementary charge, me = 9.109 × 10−31 kg is

the mass of an electron, and ε0 = 8.854× 10−12 C2/N ·m2 is the permittivity of free

space. For example, a very high frequency (VHF) radar operating at 430 MHz may

experience a time delay that ranges from 36 to 363 ns for a target at zenith for the

TEC range given by Table 1.1 of 5–50 TECu (1TECu = 1016 electrons·m−2).

Figure 1.6: The time delay due to the ionosphere increases as a function of TEC and decreases

as a function of frequency for several values of the TEC

GNSS data consisting of carrier phase and code range measurements in support of

autonomous three-dimensional Geo-spatial positioning is available from several net-

works. These networks of ground-based GNSS receivers are used to produce maps
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such as that shown in Fig. 1.7. The National Geodetic Survey is an office of the Na-

tional Oceanic and Atmospheric Administration (NOAA) National Ocean Service that

manages such a network, called Continuously Operating Reference Stations (CORS)

[National Geodetic Survey , 2015]. The location of these stations (whether operational

or not) are shown in Fig. 1.8.

Figure 1.7: An example of the type of vertical TEC (VTEC) maps produced regularly from

GNSS and used to assess the state of the ionosphere and propagation conditions, available from

NASA Jet Propulsion Laboratory California Institute of Technology [2014]. Stations used are

shown as red dots.

The stations are located on land, mostly at equatorial, low- and mid-latitudes.

The high latitude domain and oceanic regions do not have coverage except from a

few ground stations in the Canadian Arctic [Jayachandran et al., 2009] and on islands

such as Hawaii. The largest (1200 stations shown in Fig. 1.9) and densest network

of receivers is the GNSS Earth Observation Network System (GEONET), located

in Japan primarily to monitor movement of the land mass. Observation data are

made available for actual survey works and for studies of earthquakes and volcanic

activities. It is evident that GNSS receiving stations suffer the same constraints as

those discussed for Automatic Dependent Surveillance Broadcast (ADS-B) and other

ground-based receiving architectures [Cushley and Noël , 2014].

Despite their limited coverage, these networks are the source of current global
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Figure 1.8: The location of all CORS stations (whether operational or not) [National Geodetic

Survey , 2015]

ionospheric maps (GIMs) of vertical TEC (VTEC) shown in Fig. 1.7. By examining

the raw data, it is evident that the coverage used to produce the GIM are not in

fact globally distributed and often rely on models or interpolation techniques to fill

the gaps in coverage. The models generally rely on data from instruments such as

ionosondes, ISR and GPS TEC and therefore do not accurately model the TEC at

high latitudes, where data is unavailable and short time scale events tend to disrupt

the ionosphere more due to the converging magnetic field. For example, see Fig. 1.10

for the VTEC produced by the International Reference Ionosphere (IRI). Empirical

models represent long-term averaged data, neglecting specific events. While models

have proven to be useful for the general behaviour of the ionosphere and even show

diurnal variation quite well, they cannot be used for the analysis of sporadic short

time-scale (minutes to hours) events [Cushley , 2013]. Sometimes they do not even

show well-known ionospheric features such as the equatorial ionization anomaly that

is shown in Fig. 1.7 (red region on either side of the equator).

Coverage from another source that is capable of measuring the ionospheric TEC,

particularly over oceanic regions and at high latitudes would be beneficial to eliminate

gaps in coverage and supplement GNSS data where coverage is available.
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Figure 1.9: The largest and densest network of GNSS receivers for TEC measurement is in Japan,

called GEONET. The locations of the 1200 ground receivers are shown as red dots [Saito].

1.4 Introduction to Computerized Tomography (CT)

Tomography is an image reconstruction technique that is based on large scale nu-

merical optimization of large sparse matrices, particularly linear algebra. It has a

wide range of applications in medicine (CT-scans), industry (non-destructive testing)

and science (3D imaging of nano-materials). CT is a non-invasive technique used to

image the interior of objects. The word tomography comes from the Greek words

tomos meaning ‘slice’ and graphein ‘to write’. It refers to the manner in which the

resulting image is reconstructed; images are created in 2D slices, which can then be

combined to give a 3D structure if required. Information from different propagation

paths are combined to give a representative picture of a slice through the body with
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Figure 1.10: An example of the type of VTEC maps produced using IRI model, available from

Bilitza [2007]; Bilitza et al. [2011]; Compston [2012].

quantitative absorption of different density media.

The best known application of CT is in medical imaging, often referred to as com-

puted axial tomography, computer assisted tomography or CAT-scans; using X-rays

passed through a patient to detect such things as cancer. The credit for the pioneering

work in CT was the 1979 Nobel Prize in Medicine, “for the development of computer

assisted tomography” by G.N Hounsfield and A.M. Cormack in the 1950s and ’60s.

Prior to the simultaneous independent research of Hounsfield and Cormack others

had developed the same mathematical techniques for a variety of other applications,

but they failed to grasp its critical application which illustrated the significance of

their work [Gbur , 2008; Cushley , 2013]. The technique has gained popularity within

the ionospheric imaging community since Austen et al. [1986, 1988] first demonstrated

that CT techniques developed extensively in medical physics could also be applied to
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the ionosphere electron content. CIT experiments using RF measurements as input

have demonstrated the capability of applying tomographic methods to image various

ionospheric structures Andreeva et al. [2001].

Several physical constraints of the imaging system restrict the quantity of data

collected and consequently the quality of the reconstructed image. An ideal tomo-

graphic apparatus requires a finite-sized object distribution, densely packed ray paths

passing at all possible angles through it, and a dense chain of coplanar receivers [Na

and Lee, 1994; Na et al., 1995; Biswas and Na, 1998]. For the typical CIT apparatus

(e.g. GPS), unlike other applications of CT, a complete set of projection data is

not available. A measurement for every sensor position moved in equal increments,

whether equiangular or equidistant, at a fixed distance (or altitude in the case of

CIT) is not controlled in the CIT apparatus, as with most applications of CT. For

example, the nature of a satellite pass where the data is collected in fixed increments

of time will not be equidistant, nor equiangular. In CT, an instrument may be built

to satisfy theses specifications, but in applications like CIT there are a great deal of

other restricting considerations.

Although an extension of the CT theory would appear quite easy there are many

additional factors that must be taken into consideration. Inversion procedures that

work for CT would work well if the data were available at regularly spaced intervals, in

all directions. Given orbital geometry consideration for a satellite, and LOS conditions

throughout a satellite pass, it is not possible to acquire data from all viewing angles.

Unlike medical imaging, there are no defined space for the object, and free-space

separation, making the a priori guess more difficult. Generally, models are used for

the initial guess, unless the receivers are collocated with other instruments that can

provide information for the real-time ionosphere.

There are three primary differences between CIT and CT. The first is that the

medium through which the EM wave propagates is quite different and therefore a dif-

ferent frequency must be used. For example, X-rays that are used in medical CT scans

would propagate with very little measurable attenuation through the ionosphere.

The second difference, is that unlike most applications of CT, the apparatus is not



22

designed specifically for the application and as a consequence, measurements are not

equidistant, equiangular, or measured from all angles because of the constraints in

satellite geometry. Any satellite that is not in a perfectly circular orbit (eccentricity

equal to 0) will not maintain a constant altitude above the Earth’s surface and the

distance between the transmitter and receiver will vary. The velocity of the satellite

will change (fastest at perigee and slowest at apogee) and therefore transmissions at

equal time intervals will not be equally spaced in terms of their angular separation

or distance between along-track satellite positions.

The height of the unknown ionization may be predictable, but it is certainly not

known and constrained within the centre of an immobile apparatus as is typically

the case in most other applications of CT (e.g. brain scans, nano materials). Pro-

jections are taken using a transmitter and multiple opposing receivers rotated by no

more than 180◦ or π radians. The Earth blocks views of projections and we cannot

sample through 180◦. At best, using a flat horizon and an elevation cut-off below

10◦ where communications are more sporadic, we can sample through ∼160◦. Rays

at low elevations go undetected because of the continuity of the ionosphere, curva-

ture of the Earth-atmosphere system, and limited number of ground receivers [Na

and Lee, 1994; Biswas and Na, 1998]. Each overpass accounts for only about 40◦ to

60◦ latitudinal coverage, which is equivalent to only 45◦ to 50◦ tomographic angular

coverage. According to the principles of tomographic inversion, this diminishes the

vertical information content of the reconstruction image [Kak and Slaney , 1988].

The third difference is the gradients of the features we wish to image. For ex-

ample, in medical CT scans some rays will miss the object completely thus yielding

sharp edges of the skull, (inner, and outer) among other features with steeply varying

densities. Bones, organs, tissue, and tumours all absorb X-rays by a different amount.

This is not the case for CIT. Even enhanced regions of the ionosphere will generally

have much lower tapering gradients towards the quiet neighbouring (latitude or lon-

gitude) profiles. The fact that the measurement is the integrated electron density

over the complete path also smooths the gradients of individual features.
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1.4.1 Computerized Ionospheric Tomography (CIT)

The CIT technique used to map the IEDs involves the transmission of RF beacon

signals through the ionospheric plasma, typically from a transmitting satellite to

ground-based receiver(s) or a satellite receiver at a lower altitude. Measurement of

ionospheric effects such as phase delay or Faraday rotation (FR) on the transmission

of beacon radio signals through the complex dielectric plasma medium composing

the ionosphere can be used to determine the TEC along the signal path. The TEC

measurement and ray-path geometry between the transmitter and receiver for each

respective value are inputs to a CT algorithm, which reconstructs maps of the electron

density [Selcher , 2007]. The principal advantage of this technique is the capacity for

rapid, efficient, extensive geographic coverage and its cost efficiency [Biswas and Na,

1998].

Traditionally, CIT has been implemented to observe naturally occurring large-

scale ionospheric structures [Pryse and Kersley , 1992; Kersley et al., 1993; Pryse et al.,

1993.]. Other work has investigated small-scale spatial resolution from relatively high

data rate receivers at a rate sufficient to resolve structures of interest to a degree

comparable to one kilometre. Figure 1.11 shows a typical CIT imaging system which

employs a chain of ground stations to receive signals transmitted from geostationary

satellites to dual-frequency ground-based receivers [Leitinger , 1994; Choi et al., 2006;

Selcher , 2007; Max van de Kamp, 2012].

A typical CIT apparatus uses a chain or array of receivers (e.g. GPS/GLONASS,

CERTO, SBAS). An array can be used to form a dense, high resolution (m × n)

matrix, which has the added advantage of being able to either reconstruct multiple

parallel chains that are each oriented approximately along a line of longitude, or using

data from all receivers to map in three or more dimensions. An array also has the

benefit of allowing observations of phenomena (e.g. changes in a cavity) both parallel

and perpendicular to magnetic field lines.

Logistically speaking, a typical CIT experiment often forces the receiver geometry

to have fewer than eight irregularly spaced stations spanning 15 ◦ to 40◦ in latitu-
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Figure 1.11: Numerous ionospheric experiments have been performed using a similar apparatus

in order to obtain sufficient data to reconstruct the ionosphere using limited viewing angle CT.

dinal extent and displaced by 2◦ to 10◦ in terms of longitude from the orbital plane

[Biswas and Na, 1998]. Inverted systems such as ADS-B, AIS and Automatic Packet

Reporting System (APRS) will typically experience more irregular transmitter dis-

tributions, but technically could control these distributions (e.g. formation flight) in

a more timely manner using air and marine assets as opposed to deploying ground

based receivers.

For 3D reconstructions, CIT experimental systems use multiple north-south ori-

ented chains spanning 20 ◦ to 25◦ longitude [Biswas and Na, 1998]. Consequently, the

irregularly space measurements, limited angle visibility and non-coplanar receiver ge-

ometry result in limited projection domain information. To overcome these physical

constraints a priori information about the ionospheric electron distribution is often

used to aid the inversion/reconstruction process.

Several CIT inversion algorithms incorporate a priori information from models

based on the dynamics of electron distribution in the upper atmosphere or data from

another source when available to guide the reconstruction process towards a conver-

gent and feasible solution [Raymund , 1994; Sutton and Na, 1996; Na and Biswas ,

1996; Biswas and Na, 1998]. Most algorithms provide this a priori information as an
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initial guess [Pryse and Kersley , 1992; Raymund , 1994] for an iterative algebraic re-

construction process based on standard tomographic principles or as statistical [Fre-

mouw et al., 1992] or structural constraints such as smoothness [Sutton and Na,

1996b], maximum entropy [Frougere, 1995] and cross entropy [Kuklinsky , 1997] for

achieving minimum-norm least squares solutions using pseudo-inversion of system

matrices [Kak and Slaney , 1988; Biswas and Na, 1998]. These iterative algorithms

associate a distance with each law and associated equation(s) with the composition,

updated continuously to minimize the distance until the largest distance is zero or

some other stopping condition is met.

During the actual implementation of the image reconstruction algorithm(s), one

must decide on a source of projection data, how to approximate the projection opera-

tor, what inversion algorithm to employ and how to include and control the ancillary

data and constrain the reconstructed image. For example, electron densities cannot

be negative. Each decision may yield a reconstructed image that is compatible with

the projection data, but the resulting images may differ depending on the choices

made in terms of attendant artefacts and distortions [Andreeva et al., 2001].

From a tomographic perspective, the restricted viewing angles of the imaging sys-

tem, combined with irregularity and sparsity of ground based receiver(s) chain, makes

it inherently prone to data insufficiency and the inversion process one of the most chal-

lenging examples of limited data tomography [Yeh and Raymund , 1991]. In Figure.

1.12, one (or more) low-orbit satellites may receive signals transmitted by multiple

amateur radio ground stations (or aircraft as will be discussed shortly). Rather than

the satellite transmitting to ground stations whose positions are restricted and con-

fined to the surface of the Earth, the location of the transmitter(s) and receivers have

been exchanged and the CIT apparatus is inverted. It should be noted that the TEC

calculated along a ray path does not depend on the direction of propagation.

The work discussed here makes use of pre-existing radio beacon signals that have

been deployed for a dedicated purpose other than science (e.g. autonomous Geo-

spatial positioning and tracking services), that indicate the potential for exploitation

using the CIT technique. These signals all use a single respective carrier frequency
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Figure 1.12: In this inverted CIT apparatus, the location of the transmitter(s) and receivers

have been exchanged. The amateur radio APRS stations are the transmitters and the satellite

is the receiver. The satellite is also now a low Earth orbit (LEO) satellite and creates a synthetic

bank of receivers during the course of a line-of-sight (LOS) pass.

to satisfy the dedicated purpose for which they were intended and therefore is not

possible to extract the TEC using the dual-frequency method. Instead, the FR of

individual signals is used to determine the TEC between the transmitter and receiver

locations.

Although the inverted CIT systems (e.g using ADS-B, AIS or APRS) will en-

counter the same three main issues with the traditional CIT apparatus, there are

also several advantages imparted by inverting the system and using ground based

transmitters with a mobile receiver.

Generally, a ground-based campaign can only deploy to a specific location. There-
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fore, observations are confined, and many regions such as oceanic and polar regions

have been neglected. Reconstructions from an orbital platform over time can be made

for various regions and may indicate areas of interest of most probable occurrence to

prioritize other fixed ground-based instrument campaigns (e.g., ISR) [Cushley and

Noël , 2014].

The work presented in this thesis explores the feasibility of using two of these

signals; ADS-B and AIS, and two other aspects related to the problem of using

FR of these signals as input to CIT. As will be discussed shortly, the TEC can be

calculated from FR measurements, but this estimation requires accurate magnetic

field information along the path. The sensitivity of the FR and TEC to different

methods to obtain the parallel component of the magnetic field along a path was

investigated by Cushley et al. [2018]. Improving the accuracy of this calculation

reduces the uncertainties introduced to the CIT and propagation of these errors to

the final reconstruction. As briefly discussed previously, CIT generally uses an a priori

guess for the first iteration to guide the reconstruction process towards a reasonable

solution. Models do not represent sporadic events so it is better to use data from

another source whenever possible. The research by Cushley et al. [2017] presents a

method that could be considered using independent TEC and FR measurements for

this purpose, however the papers presented in Chapters 4 and 7 do not use this method

since no a priori information was used. This was done to preserve the integrity of

the reconstruction to evaluate the feasibility of CIT using only the data from these

new potential sources without bias from the a priori information.

1.5 Thesis Outline

This thesis explores the concept of ionospheric sounding and tomographic recon-

struction of 2D IED profiles using ADS-B, AIS and other linearly polarized signals

of opportunity. Chapter 2 of the thesis elaborates on a more detailed discussion of

the structure of the ionosphere and ionospheric EM-wave propagation theory as it

relates to this research. The first section of Chapter 3 introduces the functionality

and operational principle of three types of beacon signals; ADS-B, AIS and APRS.
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The second section of Chapter 3 describes how a ray trace model used to simulate the

data used throughout this thesis. The last section of Chapter 3 compiles a literature

survey of relevant CIT research related to this thesis and describes the experimental

design with respect to data collection and the ADS-B apparatus for CIT.

This thesis has been written in the article-based format. Chapters 4 through 6

each consist of a paper published in Radio Science. Chapter 7 consists of a paper

manuscript which has been accepted by Radio Science. Each of Chapters 4 through

7 also contains a short overview and results section explaining the significance of the

paper and the relation to the rest of the thesis.

• Chapter 4: Cushley, A. C., and J.-M. Noël, Ionospheric tomography using ADS-

B signals, Radio Sci., 49, 2014.

• Chapter 5: Cushley, A. C., Kabin, K., & Noël, J.-M.. Faraday rotation of

Automatic Dependent Surveillance-Broadcast (ADS-B) signals as a method of

ionospheric characterization. Radio Sci., 52, 2017.

• Chapter 6: Cushley, A. C., Noël, J.-M., & Kabin, K., Faraday rotation, total

electron content, and their sensitivity to the average parallel component of the

magnetic field. Radio Sci., 53., 2018.
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Chapter 4 presents a study of the FR of ADS-B signals and estimation of slant

TEC (STEC) that will be detected using an ADS-B receiver on an orbital platform.

It deals with reconstruction of the IED by means of CIT using synthetic ADS-B data

for a simulated ionosphere and estimated aircraft distribution in preparation for the

launch of (a constellation of) satellites equipped with ADS-B receivers. The study

describes the ADS-B system, mathematical basis for the FR and its proportionality

to TEC, and the mathematics of the tomographic analysis. The paper presents a
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technique to determine electron density maps of the ionosphere using ADS-B radio

beacon signals which are transmitted by aircraft.

Due to the relevance of the geomagnetic field to FR measurements and using such

measurements to estimate the TEC, or as direct input to CIT, Chapter 5 describes a

method for using linearly polarized ultra high frequency (UHF) signals from existing

transmitting aircraft to existing receiving spacecraft to measure FR and TEC, thereby

creating a wide data base upon which the distribution of IED can be modelled. Us-

ing as a first approximation vertical propagation at a frequency of 1090 MHz from

a transmitter in the ADS-B system, candidate orbital receivers in LEO spacecraft

capable of polarization measurement, and using a 3–parameter Epstein ionospheric

density model, FR values under a variety of physical conditions are computed using

a ray trace model. With the cited existing infrastructure, this paper demonstrated

encouraging accuracy or precision of the proposal at mid latitudes. These ADS-B de-

vices are installed on most aircraft and transmit linear polarized waves automatically

which can be measured by orbiting satellites. In particular, the FR of these signals

can be measured and used in conjunction with separate TEC measurements. The

vast number of independent FR measurements that can be made along several paths

with this technique provides great potential for ionospheric characterization. Since

FR is dependent on magnetic field geometry (which varies as a function of altitude)

as well as electron density, it provides additional information about the shape of the

IED profile.

Chapter 6 presents a comparison of techniques for the determination of the av-

erage parallel component of the geomagnetic field given independent FR and TEC

measurements. This paper addresses the question, “what is the appropriate estimator

of parallel magnetic field to use when calculating FR in the ionosphere, given TEC,

or using FR to determine TEC. The purpose of this comparison was to determination

which technique produces the most consistent results and introduces the smallest un-

certainty when estimating STEC from FR and vice versa. This knowledge can later

be applied to problems which determine TEC only from FR and average magnetic

field values, such that the most appropriate magnetic field value may be chosen. It
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is related to the paper presented in Chapter 4 because this technique can be used to

improve the estimation of the STEC values derived from FR observations, that are

used as input to CIT. Improving this estimation reduces the uncertainties that would

be propagated by the CIT algorithm to the final reconstruction. This technique can

also be used for other applications including correction of polarized signals, for exam-

ple in radio astronomy and radar polarimetry. The various techniques compared in

this paper are evaluated with respect to a benchmark solution based off of integrated

values from the International Geomagnetic Reference Field (IGRF) model.

Chapter 7 presents a similar study to Chapter 4 but for AIS signals. In this

paper a simulation of AIS signals in the Phillippine Sea region was undertaken. This

area was chosen because it has one of the highest density of ships and marine traffic.

This study is similar to that conducted in Cushley and Noël [2014] for ADS-B; which

begins by comparing the same cases as those presented in Cushley and Noël [2014] for

ADS-B before proceeding to investigating a new region where the AIS data density

is much greater. The same ionospheric profiles were used to provide a comparison of

AIS to those ADS-B reconstructions as well as comparisons of AIS simulations using

time delay in addition to those using FR.

Finally, Chapter 8 will summarize the main findings of each chapter and discuss

the overall conclusions of this work. Possibilities for future work in this area of

research are also discussed.

In this thesis it was shown that FR measurements from the received aircraft and

ship signals are detectable, and can be used to calculate the TEC along the ray paths.

These integrations through various 3D input electron density profiles served as the

basis for modelling the expected TEC data collected by space-borne ADS-B and AIS

receivers, revealing important features of the input profile such as ionization troughs,

localized enhancements, and other large and small scale ionization irregularities.



Chapter 2

Theoretical Considerations

2.1 Overview

In this chapter, we present a qualitative treatment of several topics in order to proceed

with our study of ionospheric sounding and CIT using new sources of ionospheric

sounding data. In this chapter, we briefly describe the ionosphere, it’s respective

layers and it’s importance, specifically why it is important to be studied and how this

information can be used operationally. Finally, the theory pertaining to magneto-ionic

wave propagation, including the decomposition of an EM wave into two propagation

modes when they traverse a birefringent medium such as the ionosphere and how

waves interact with the geomagnetic field is reviewed. Finally, the observable, FR,

that is used to sound the ionosphere and as input to CIT later in Chapters 4 to

7 is discussed. This chapter describes the mathematical basis for the FR and its

proportionality to TEC and the mathematics of the tomographic analysis. These

topics are discussed in more detail in Chapters 4 to 7 as they relate to the specific

research topics presented in these publications.

It should be noted that in this work, the collisions between neutral and charged

particles are neglected. In the E-region, collisions can effect the propagating EM-

wave, however for the 1090 MHz ADS-B carrier the effect of collisions can be ignored

in the E-region, which contains only a small portion of the wave path. The major-

ity of the EM-wave modifications occur in the F -region where the electron density

peak occurs. The collision frequency for both electrons and ions can be considered

negligible at altitudes above the E-region ( 103 Hz, compared to 109 Hz for ADS-B)

[Budden, 1961; Gillies , 2006] .

31
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2.2 The Ionosphere

The Earth’s ionosphere is generally regarded as the region of the upper atmosphere

extending between 60–1000 km above Earth’s surface where unbound or free particles

are ionized by solar radiation to form a plasma [Kelley , 1989]. An unbound electron is

any electron which is not bound to an ion, atom or molecule and is free to move under

the applied force of an electric or magnetic field [William Collins Sons & Co. Ltd

1979 , 2003]. In the weakly ionized ionospheric plasma the temperature is typically 0.1

eV (1160 K) and the free electrons and positive ions are attracted to one another by

the chemical processes of ionization and recombination [Chen, 1984]. The resulting

balance between the two processes determines the electron number density [Schunk

and Nagy , 2000].

The number of free electrons in the ionosphere is sufficient to affect radio wave

propagation. The ionosphere encompasses portions of the mesosphere, thermosphere

and exosphere, and is generally further subdivided into regions; D, E and F. The

atmosphere, ionosphere, and its layers are shown in Fig. 1.3. It should be noted that

the altitude and electron density of the ionospheric layers vary with different solar

conditions, diurnal variation, geomagnetic variation and latitude.

The lowest portion of the atmosphere is called the troposphere. It extends from

Earth’s surface to approximately 10 km altitude. Above 10 km is the stratosphere,

where incoming solar radiation at very short ultra-violet (UV) wavelengths (∼315

nm) forms the ozone layer. Above 80 km, the atmosphere has very low density such

that free electrons exist for short periods of time, before being bonded to a nearby

positive ion. This portion of the atmosphere is ionized forming a plasma, thus called

the ionosphere [Kelley , 1989].

The ionosphere owes its formation to the extreme solar UV, X-Ray, and shorter

wavelength radiation that has enough energy yo break chemical bonds. Photons at

these high frequencies are energetic enough to dislodge electrons from a neutral gas

atom or molecule upon absorption (see Fig. 2.1).

The reverse process of ionization is recombination. In the upper ionosphere the
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Figure 2.1: Photoionization occurs when an atom absorbs an EM photon of sufficiently high

frequency (e.g. solar UV, X-Ray and shorter wavelength radiation) [Jahn, 1968].

main loss process is dissociative recombination. A less common process called radia-

tive recombination is whereby a free electron is captured by an ion spontaneously

occurring in photon emission, called airglow, or afterglow [Chen, 1984]. At lower

altitudes, the electron density is much lower and diffusion and attachment are the

dominating processes because the gas molecules and ions are closer together.

The electron number density changes with altitude above the Earth’s surface. As

previously mentioned, the ionosphere is further subdivided into regions with letter

designations: D, E, and F (F1 and F2) as was shown in Fig. 1.2 for long-term

modelled variation, and Fig. 2.2 for measured hourly variation.

Figure 2.2: Some examples of electron number density profiles measured at different times by

the EISCAT incoherent scatter radar 13 Mar 2013.

The distinct development of the ionospheric regions can be summarized as follows:
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1. solar radiation of different wavelengths deliver energy to different altitudes de-

pending on the absorption characteristics of the atmosphere at a given region,

or particular altitude,

2. the physics of recombination depends on the atmospheric density, and

3. the changing composition of the atmosphere with altitude. Different governing

physical and chemical processes cause the formation of the four distinct layers;

D, E, F1, and F2.

The physics, rather than simple alphabetic height division, is the basis for labelling

these regions and extending the same labels to ionospheric regions of other planets

[Schunk and Nagy , 2000].

2.2.1 Regions of the Ionosphere

The D-region, the innermost region ∼60-90 km above Earth’s surface, coincides with

the region where the most penetrating cosmic radiation produces free electron pairs

sufficient to affect radio-wave propagation [Rishbeth et al., 1996]. Ionization in this

region is due to Lyman series alpha hydrogen radiation at 121.5 nm wavelength,

ionizing nitric oxide (NO), producing an abundance of nitrogen oxide (NO+), oxygen

ions (O+
2 ), and negative ions [Kelley , 2009]. Additionally, with high Solar activity

hard X-rays ( ≤ 1 nm) may ionize Nitrogen (N2), and Oxygen (O2). After sunset

the D-region reduces significantly but on the night-side, cosmic rays produce residual

levels of ionization. The peak density of the D-region is generally located at 90 km

altitude.

With the high rate of recombination in the D-region, the net ionization effect

is low, but loss of energy is great due to the frequent ( 10/msec) collision rate of

electrons. As these ions are much heavier than electrons, they have even lower gy-

rofrequencies and higher collision frequencies as a result they are considered to be

unmagnetized. Essentially, neutral chemistry and dynamics governs the D-region as

the electron density is actually too low for the D-region to be considered a plasma
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[Treumann and Baumjohann, 1997]. These low electron densities result in a criti-

cal plasma frequency (fp in Eqn 2.5) on the order of 300-900 kHz. Consequently,

HF radio waves are not reflected by the D-region, but the waves suffer propagation

loss due to absorption, particularly for frequencies below 10 MHz. The absorption

is progressively smaller with higher frequency. With the process of ionization mainly

dependent on the Sun, this effect is observed to be greatest around local midday, and

least on the night-side.

Modelling the ionosphere becomes particularly important when considering the

effect on HF communications. At theses altitudes, the electron density results in a

high collision rate between unbound electrons and neutral particles. The absorption

of HF radio waves is dependent on both collision frequency and electron density, thus

during disturbed conditions, the electron density of the D-region can be increased

by high ionization sources, penetrating to these relatively low altitudes. Under such

conditions, waves of these frequencies may be completely absorbed in the D-region

and/or lower portion of the E-region [Hunsucker and Hargreaves , 2003].

A well known, and easily demonstrable example is the loss of reception of distant

AM radio stations during the daytime. Another more rare example, known as Polar

Cap Absorption (PCA), occurs during solar proton events, causing unusually high

levels of ionization over high and polar latitudes. The effects of such events can last

between 24–48 hours and decrease the radio communications link margin by many

tens of decibels absorbing most, if not all, trans-polar radio communications. This

is certainly important to many organizations, including the Canadian Forces (CF) as

HF is the alternative to communications in maintaining Canadian sovereignty should

satellite communications ever be compromised.

Above the D-region is the E-region; the E-region generally extends from 90 km to

150 km in altitude above Earth with peak densities during the day time at about 110

km [Kelley , 1989]. Ionization is due to soft X-ray and far UV solar radiation ionization

of O2. At oblique incidence, generally frequencies below 10 MHz are reflected but

with active events frequencies up to 50 MHz and higher may also be reflected by the

E -layer [El-Naggar , 2011].
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Above the E-region is the F -region, subdivided into F1 and F2 layers, from 150

km to 180 km and greater than 180 km, respectively. Peak density altitude can be

found at 180 km for the F1 peak and 300 km for the F2 peak, but with a high degree

of variation . At night the F -layer is the only layer of significant ionization present,

with extremely low rates of ionization in the D, and E-regions. During the day all

layers: D, E and F have increased ionization rates but the F -layer develops a weaker

layer known as the F1 layer. The F -layer is present on both the day and night-side

ionosphere and is the layer principally responsible for the refraction of radio waves

[Hunsucker and Hargreaves , 2003].

2.2.2 Why Study the Ionosphere?

The electron density varies with time (sunspot cycle, seasonally, and diurnally), with

geographical location, and with certain solar-related ionospheric disturbances. The

two primary sources which produces and sustains the ionizations level are solar X-

ray and EUV radiation and by corpuscular radiation from the Sun. Although the

Sun is the largest contributor toward the ionization, cosmic rays also make small

contributions; moreover any atmospheric disturbance affects the distribution of the

ionization. Because of its extreme sensitivity to changes in solar conditions, the

ionosphere is a very sensitive monitor of atmospheric events. The electron density,

ne, is an important physical parameter in the ionosphere as these fluctuations cause

undesirable effects on radio waves propagation as will be discussed in the following

section.

2.3 Plasma Interaction with EM-Wave Propagation

EM-waves are time varying, coupled electric ( ~E) and magnetic ( ~B) fields that travel

perpendicular to one another. Fig. 2.3 shows a periodic EM-wave travelling in the

positive z or ~E × ~B (k̂) direction. This is the same direction in which energy is

propagating, which is called the Poynting vector.
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Figure 2.3: Periodic electromagnetic wave, ~E = Ex̂ is the electric field vector, ~B = Bŷ is the

magnetic field vector. The wave travels in the ~E × ~B (k̂) direction.

2.3.1 Wave Polarization

One of the primary signal characteristics which defines the propagation of an EM-

wave, and that can be measured is the polarization. The polarization state of a wave

is given by the shape that ~E forms as it propagates. The propagation is shown by

convention in the ~E × ~B direction with the external magnetic field (such as Earth’s)

in the x–z-plane.

The general case is elliptical as shown in Fig 2.4. The shape can also be linear

(ellipticity of 0◦) or circular (ellipticity of ±45◦), however these are special cases

of ellipticity. The shape of the polarization ellipse is given by the relationship of

the ellipticity angle χ to the semi-major and semi-minor axes, a and b respectively
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Figure 2.4: Typical elliptical polarization state of an EM-wave. ψ is the orientation angle, a is

the semi-major axis, b is the semi-minor axis, and θ is the aspect angle.

[Gillies , 2010]

[Canada Centre For Remote Sensing , 2007; Budden, 1961]:

χ = ± arctan
b

a
(2.1)

The polarization ellipse can be fully defined by χ and the orientation angle ψ, defined

as the angle between the x-axis and the semi-major axis.

2.3.2 Radio Waves in a Magnetized Plasma

An EM-wave propagating through a magnetised plasma decomposes into two propa-

gation modes which have different indices of refraction and polarizations due to the

external magnetic field. The two modes are called the ordinary and extraordinary
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modes or O-mode and X-mode respectively. When collisions between neutral and

charged particles are neglected, the refractive indices of the two modes are given by

the Altar-Appleton-Hartree dispersion relation [Hartree, 1929; Appleton and Builder ,

1933; Gillmor , 1982]:

n2 = 1− X

1− Y 2 sin2 θ
2(1−X)

±
√

Y 4 sin4 θ
4(1−X)2

+ Y 2 cos2 θ
(2.2)

where θ is the aspect angle of the wave, X and Y are the ratios of the plasma frequency

ωp, and gyrofrequency ωc to the radio wave frequency ω respectively [Schunk and

Nagy , 2000] namely,

X =
(ωp
ω

)2
, Y =

ωc
ω

(2.3)

The aspect angle is defined with respect to the external magnetic field. It is the

angle formed between the wave propagation vector ~k and the external magnetic field

~B.

The plasma frequency, also called the critical frequency, describes the oscillation

of the electron density for a cold neutral plasma. If thermal motion is neglected, and

electrons are displaced with respect to the relatively heavy ions, the Coulomb force

acts as a restoring force. This relationship is given by, among others [Schunk and

Nagy , 2000].

ωp =

√
nee2

meε0
. (2.4)

By substituting for angular frequency (ω = 2πf) the plasma frequency can be written

as:

fp =
e

2π

√
ne
meε0

= 9
√
ne .(2.5)

where ne is the electron density per cubic metre and fp is the limiting frequency in

Hz at, or below which radio waves will be reflected by an ionospheric layer at vertical

incidence.

This relationship assumes the following approximations [Chen, 1984; Schunk and

Nagy , 2000]:
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• the plasma is quasi-neutral ; meaning the electron density is approximately equal

to the ion density over large volumes of the plasma (ne ∼ ni);

• the cold plasma approximation, which assumes the electron temperature to be

zero (Te=Ti=0), and the dispersion relation for electron plasma waves (ω2=ω2
p)

which describes the plasma oscillations;

• ions can be considered as stationary when ω ≥ ωp; a local disturbance in the

plasma does not propagate to other regions of the plasma, but remains a local

disturbance because the frequency is too high to affect the ions due to their

inertia.

A typical approximation in SI-units is that the plasma frequency is nine times the

square root of the electron density. Using a typical value for the ionospheric maximum

electron density of 1012 electrons per cubic metre gives a plasma frequency of 9 MHz.

This computed value represents the lowest frequency that will propagate through

the ionosphere without being reflected. Using the range of values of the maximum

electron density from Table 1.1 gives the typical range of 2.85 – 12.73 MHz for the

plasma frequency of the ionosphere. Since the electron density varies with altitude,

the critical frequency also increases as the electron density increases allowing higher

frequencies to penetrate further into the ionosphere before being reflected.

The gyrofrequecy, or cyclotron frequency is the frequency of a charged particle of

mass m (in kg), charge q (in C), moving with velocity v in a circular path (in m·s−1)

and gyroradius r (m) in a uniform magnetic field B (T), and can be obtained from:

mv2

r
= qBv. ⇒ v =

qBr

m
(2.6)

The cyclotron frequency is defined as:

fc =
v

2πr
=

1

2π

qB

m
. (2.7)

A typical value for the gyrofrequency in the ionosphere can be found using Eqn.

2.6. Note that while the plasma frequency is proportional to the electron density,

the gyrofrequency is proportional to the magnetic field. Using a value of 0.5 Gauss
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(5 ×10−5 T) for the magnetic field gives a gyrofrequency of 8.8×106 rad/s which is

equivalent to 1.4 MHz.

Examining the cases when propagation of the wave is parallel or anti-parallel to

the external magnetic field (i.e. the aspect angle θ = 0◦ or θ = 180◦ or is field aligned)

the index of refraction for each mode is given by [Chen, 1984],

n2 =
c2

v2φ(O)

= 1−
ω2
p/ω

2

1 + ωc/ω
(O−mode) (2.8)

n2 =
c2

v2φ(X)

= 1−
ω2
p/ω

2

1− ωc/ω
(X−mode) (2.9)

where c = 3× 108 m/s is the speed of light in a vacuum. This indicates the X-mode

is affected more by the plasma and will always have a smaller refractive index than

the O-mode [Chen, 1984; Gillies , 2010].

The Earth’s magnetic field in the ionosphere does not vary a great deal over a

short time period, therefore the variable of interest in Eqn. 2.3 is X due to variability

of the electron density of the plasma. As the electron density and the ratio of X

increases, the refractive index for the two modes decreases and separation between

the two modes of propagation increases (see Fig. 2.5). When the wave frequency is

equal to the plasma frequency and since ωp � ωc the O-mode refractive index goes

to zero and the wave is reflected. This is the basis on which ionosondes operate.

In the standard treatment of magneto-ionic theory, the effect of collisions is taken

into account by assuming that an electron experiences a retarding force proportional

to its velocity [Budden, 1965]. Eqn. 2.2 was derived using the effective collision fre-

quency in the frictional term of the equations of motion for electrons as a constant,

independent of energy [Setty , 1972]. Pure electron modes, also known as cold plasma

modes, like the upper hybrid frequency, are modes in which the frequency is suffi-

ciently high that the motion of ions may be neglected [Stix , 1992]. Other research

by Molmud [1959]; Sen and Wyller [1960]; Budden [1965] have included the collision

term in the derivation of Eqn. 2.2, however the effect of collisions in the F -region are

quite low in comparison to the D- and E- regions and therefore are not a significant

source for modification of F -region electron densities. Budden [1965] concludes that
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Figure 2.5: Squared refractive index values for the O-mode (solid curve) and the X-mode (dashed

curve) as a function of X for constant aspect angle (40◦), external magnetic field (6.0×10−5T),

and frequency (15 MHz) EM-wave. Adapted from [Gillies, 2010].

the standard Appleton-Hartree formula can be used without modification for nearly

all radio propagation problems in the ionosphere, provided that the correct effective

value of the collision frequency is used and that the modified formula may only be

important for wave interaction theory and waves of very low frequency whose wave

normals are perpendicular to the Earth’s magnetic field.

The polarization of a propagating wave is found using the wave polarization ratio

p [Budden, 1961]. The polarization ratio for the two modes of propagation, given

a set of propagation conditions, is calculated using the following equation [Budden,

1961; Gillies , 2010]:

p =
Ey
Ex

= i
(Y sin θ)2

2Y cos θ(1−X)
± i

√
(Y sin θ)4

4(Y cosθ)2(1−X)2
+ 1. (2.10)
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where Ex and Ey are the x- and y-components of the electric vector of the wave.

The direction of rotation and the shape of the ellipse is determined by the sign and

magnitude of p respectively.

In the absence of collisions, the semi-major axis of the O-mode wave is oriented

parallel to the x-axis and parallel to the magnetic field in the plane of polarization.

The semi-major axis of the X-mode wave is oriented parallel to the y-axis or perpen-

dicular to the external magnetic field in the plane of polarization.

An absolute value greater than unity of p occurs when the magnitude of Ex is less

than Ey and corresponds to the X-mode of propagation. Conversely, a value of p less

than unity corresponds to O-mode propagation, when Ex is greater than Ey. The

resulting polarization of a propagating wave will be the superposition of that of the

two modes.

The polarization of a wave is dependent on the propagation direction relative to

the external magnetic field. A wave which propagates mostly parallel or anti-parallel

which corresponds to an aspect angle of either 0◦ or 180◦ to the external magnetic field

lines, and p = ±i is called quasi-longitudinal (QL) propagation and the polarization

ellipse of the two modes are circular with opposite sense of rotation. Conversely, if

the wave propagation is mostly perpendicular to the external magnetic field is called

quasi-transverse (QT) propagation. If the magnitude of the two circular waves are

equal, the resulting superposition of the EM-wave is linear [Budden, 1961; Gillies ,

2010].

The refractive index for the two modes is determined by the positive (O-mode)

and negative (X-mode) sign of the denominator in Eqn. 2.2 (see Eqns. 2.8 and

2.9). Because the refractive index is different for the two wave components, the phase

difference between the two modes will increase along the propagation path.

The resulting imbalance between the phase velocities (vφ) produces a change in the

major axis of the polarization ellipse of the radio wave, which is formed by the sum of

the two components. The orientation angle of the polarization ellipse [Budden, 1961;

Canada Centre For Remote Sensing , 2007] will rotate by half the phase difference

between the components, which is known as FR. Without a magnetic field, there is



44

only be one refractive index, there is no separation between the modes, and FR does

not occur Chen [1984].

Figure 2.6: Top: a linear EM-wave as the superposition of the left-hand circular polarized

(LHCP) and right-hand circular polarized (RHCP) waves. Bottom: after traversing some dis-

tance in the plasma the RHCP has returned to its initial orientation after N -cycles, but the

LHCP wave has relatively advanced in phase and the plane of polarization is seen to rotate.

Adapted from Chen [2006].

2.3.3 Faraday Rotation (FR)

A plane polarized wave propagating through a plasma, parallel to a magnetic field,

suffers a gradual rotation of its plane of polarization due to the presence of the

geomagnetic field and the anisotropy of the plasma medium. FR is principally due

to a plane polarized wave being the sum or superposition of two equal-amplitude

circularly polarized waves at the same frequency, opposite handedness, and different

phase.

When a linearly polarized wave reaches the ionosphere, it is split into two in-

dependent components, or modes of propagation that take different paths/branches
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through the plasma [Stix , 1992]. These are two elliptically (or potentially circularly)

polarized waves with electric vectors ~E that are in-phase at the vertical (if vertical

linear transmitted polarization) position, but rotating in opposite directions.

After a certain number of cycles the E vectors of the two modes will return to the

initial position, however at distance d the X- and O-modes have undergone a different

number of cycles, since they require different time to cover the same distance provided

ne varies on length scales which are large compared to the wavelength of the radiation.

Two conditions are required for FR to occur. The wave must propagate in the

QL regime and the relative amplitude or power of the two propagation modes must

be mostly equal. The situation is further complicated when the relative amplitude or

power of the two modes of propagation is not equal, as is often the case.

The ionosphere is assumed to be a birefringent medium due to the Earth’s terres-

trial magnetic field [Hartmann and Leitinger , 1984; Orfanidis , 2008]. Any EM-wave

propagating through a magnetised plasma decomposes into two propagation modes

which have different indices of refraction and polarizations due to the magnetic field.

Two modes of propagation, called the ordinary and extraordinary modes or O-mode

and X-mode respectively, exist in the ionosphere [Chen, 1984].

Since a plasma, and particularly the ionosphere, is a circular birefringent medium

the two modes take a different time to propagate through the same medium due to

the different phase velocities. The effect of the relative phase shift between the R-

and L-waves induced by the Faraday effect is to rotate the orientation of the wave’s

linear polarization shown in Fig. 2.6.

The magnitude of the rotation is proportional to the integrated product of the

electron density, ne(l), along the ray path or plasma column and the strength of

the parallel component of the magnetic field B||(z). It is inversely proportional to

the square of the frequency as follows, [Budden, 1961; Kraus , 1966; Gurnett and

Bhattacharjee, 2005]

Ω =
e3

8π2ε0m2
ecf

2

∫
ne(z)B||(z)dz (2.11)

where the FR, Ω is measured in radians and me = 9.109 × 10−31 kg is the mass

of an electron. The magnetic field b|| is in tesla. In the absence of a magnetic field,
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ωc = 0, therefore Y = 0 and there is only one refractive index. As a result, there

is no separation of the modes and there is no difference in the rate of change in the

orientation angle and hence FR does not take place Chen [1984].

Independent of frequency, this relationship can be expressed as Eqn 2.12 and 2.13.

Ω = λ2RM ; (2.12)

RM = 2.63× 10−6BavgTEC. (2.13)

where RM is the rotation measure, λ is the wavelength of the EM-wave and Bavg

is the average z-component of the magnetic field in tesla. For higher frequencies the

O-mode propagates faster than the X-mode.

Although the integral is evaluated over the total path length from transmitter to

receiver, only the frequency dependent refractive index contributes to the result [Max

van de Kamp, 2012]. This is an integral, where separate functions combine, which can

be separated into their components ne(l) and bz(l) for tomography by transforming

the space into one where the integral becomes a multiplication.

Using the ADS-B and AIS wavelengths (λ = 1.85085 m for 161.975 MHz AIS) in

Eqn. 2.11, the FR can be written for AIS as,

ΩAIS = 9.007× 10−13
∫
ne(z)b‖(z) dz.

= 9.007× 10−13BavgTEC.

(2.14)

and for ADS-B as

ΩADS−B = 1.989× 10−14
∫ l

0

nebz dl.

= 1.989× 10−14BavgTEC.

(2.15)

where ne is in m−3 with 1 TECu equivalent to 1016 electrons m−2. In Eqn. 2.15 the

vertical component b||, is assumed to be a constant value Bavg [Wright et al., 2003;

Sheriff and Hu, 2003; Ippolito, 2008; Jehle et al., 2009]. The average magnetic field

Bavg is obtained from the IGRF model [International association of geomagnetism and

aeronomy, Working Group V-MOD , 2010] for the simulations. The TEC values are

computed using Eqn. 2.15 for the simulated FR. The TEC values and ray endpoints
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are used as the input to CIT in order to reconstruct the resulting electron density

maps.

For VHF the signal may rotate over 180◦ resulting in a nπ ambiguity in the RM.

For UHF frequencies such as that used for ADS-B the rotation will be much less; on

the order of 8-25 degrees for propagation from ground to a LEO satellite at 1000 km.

The integral of the electron density over the path in Eqn. 2.15, for an average

magnetic field Bavg, is the number of free electrons in a plasma column of unit cross-

section area from the transmitting aircraft to the satellite receiver, or TEC, given by

Eqn. 1.1. The TEC is the density over the entire plasma column or ray-path from

source to observer, which smooths out the structures.



Chapter 3

Application

3.1 Overview

In this chapter, we briefly introduce the functionality and operational principle of

three types of beacon signals. The primary signal of interest for this research is ADS-

B. Canadian implementation of ADS-B, including contributions from research at the

RMC are discussed along with the exact benefits of space-based ADS-B and how this

system can also be used to obtain scientific data. Two other systems; APRS and

AIS are also briefly introduced. The ray trace model used to simulate the data is

described.

This chapter outlines the experimental procedures that are used for CT as well as

CIT image reconstruction. A brief literature review of CT is included from its origins

in medical physics, consideration of the ionosphere, EM-wave interactions, the specific

CT algorithm used and its extension to GPS CIT, and finally the method used CIT

using ADS-B and AIS signals. This chapter describes how IED maps are produced

using FR from the modelled ray-trace output.

3.2 Signals of Opportunity

3.2.1 Automatic Dependent Surveillance Broadcast (ADS-B)

ADS-B is a technology developed to track the position and movement of aircraft

through intermittent broadcasts of their identity, itinerary and position state vectors

to ground based receivers and other aircraft within range. The system is intended to

augment radar as the standard for air traffic control by providing an enhanced ranging

and separation distinction capability with a reduced footprint for ground support

infrastructure [Marsh, 2006; Brown and Hendricks , 2011; ADS-B-Technologies , 2011;

Cushley and Noël , 2014]

48
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While current radar networks provide aircraft positional information to air traffic

control (ATC) centres, the use of ADS-B imparts the added capability of providing

that information, in real time, to aircraft in their operational area as well as to ground

controllers. With this information, aircraft crews are able to actively monitor their

immediate airspace and quickly react to emerging situations. The ADS-B communi-

cations link also provides for additional potential future capability, such as weather

and flight information updates. The ADS-B system utilizes three distinct components

to achieve its purpose [Tremblay et al., 2009; Francis et al., 2011; Castillo et al., 2012]:

1. A high integrity GPS installed on ADS-B equipped aircraft to accurately de-

termine their position. GPS is a mature and reliable technology capable of providing

real-time positional information for users with sufficient accuracy for use in air traffic

control functions;

2. An ADS-B data link to communicate with the overall network. There are

three types of ADS-B transmissions; 1090 MHz Extended Squitter (ES) for large

commercial aircraft, the 978 MHz Universal Access Transceivers (UAT) for general

aviation, and the VHF Data Link (VDL) Mode 4 that operates between 108 and 137

MHz in Europe. While the technology allows for two-way communications, the option

exists for users to operate on a lower level and simply provide position information

for airspace controllers providing a baseline capability similar to radar; and

3. A receiver network to provide a communications link between ground oper-

ators and aircraft. This network serves as the backbone of the ADS-B system and

distributes operational flight data to aircraft operators and ground-based controllers.

ADS-B is an automatically operating, passive system whereby accuracy is limited

only by that of the aircraft navigational system to which it is linked. It can therefore

significantly surpass the accuracy of radar. Update rates are higher, terrain mask-

ing problems are avoided and coverage is maintained below radar cut-off heights in

mountainous terrain [Marsh, 2006].

Required transmitter power for the ADS-B signal varies as a function of aircraft

category. For smaller aircraft, a minimum transmission power of 75 W is specified,

while larger aircraft require a minimum power of 125 W or 200 W with a maximum
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output power for all classes of 500 W. Any aircraft that is capable of operating at al-

titudes greater than 15,000 ft (4570 m) above sea level (ASL), or with cruising speeds

above 175 kts (324 km/h), are required to transmit at a minimum of 125 W. Air-

craft transmit vertically polarized signals using two quarter-wave monopole antennas

mounted to the top and bottom of the aircraft, shown in Fig. 3.1 [NavCanada, 2008;

Francis et al., 2011].

Figure 3.1: Main; shows Ikhana, NASA’s unmanned ADS-B equipped aircraft test flight with

the placement of two ADS-B antennas indicated by black arrows. Inset; shows the most widely

adopted aircraft ADS-B antenna [Turner , 2012].

3.2.1.1 Why use ADS-B for ATC?

Modern methods of air traffic management have traditionally relied on radar systems

for positional information of aircraft. Typical civilian radar surveillance cannot track

aircraft over the horizon, causing traffic over large unpopulated expanses such as

ocean or the polar regions to take indirect, inefficient, and imprecise routes to ensure

adequate safe separation of aircraft. Continuous surveillance in this airspace would

increase safety and security of air traffic, in addition to permitting aircraft to follow

more direct routes, saving time, fuel and consequently, reducing engine emissions.

An alternative method of acquiring aircraft position data is by ADS-B. As op-

posed to bouncing radio waves from a fixed terrestrial antenna off airborne targets
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and interpreting the data received, ADS-B capable aircraft use a conventional GNSS

receiver such as GPS, or Galileo to derive its navigational information and broadcast

it along with other aircraft discretes such as speed, heading, altitude, flight number,

ascent/descent rate, etc.

Unlike radar, ADS-B has the advantage of low cost remote installations as they

are much less complex and have much lower power requirements [Francis et al., 2011].

This consequently reduces systems and maintenance costs, environmental impact, as

well as allowing for their deployment in remote areas where a radar installation is

impossible. Even in regions where long-range radar is a possibility, the accuracy

of ADS-B does not critically degrade with range, atmospheric conditions, or target

altitude and update intervals do not depend on the rotational speed and reliability

of mechanical antennas [ADS-B-Technologies , 2011]. ADS-B can yield a much bet-

ter dataset within these long-range regions than radar. ADS-B is lower cost than

conventional radar and permits higher quality surveillance of airborne and surface

movements [AirNav-Systems , 2008]. This in turn allows airspace controllers to utilize

reduced intra-aircraft spacing, enabling operators to reduce fuel consumption through

the use of more direct flight plans.

ADS-B networks that monitor air traffic have already been deployed around the

world in high volume air-traffic areas, however ground stations cannot be installed

mid-ocean and are difficult to maintain in the Arctic, leaving coverage gaps for oceanic

and high latitude airspace (see Fig. 3.2). The lack of coverage over oceanic and

high latitude airspace has hampered further development. Francis et al. [2011] have

suggested that ADS-B receivers could be deployed on a constellation of satellites to

allow for worldwide tracking of aircraft, alleviating this problem.

There are far too many other benefits to the use of ADS-B to discuss within the

scope of this brief literature review, however to list a few: flight safety, economic,

environmental, efficiency, and automation of some aspects of ATC. For example, dis-

crepancies between radar and ADS-B datasets may be used to automatically alert

ATC for priority assistance with procedural flight path, and verification of instru-

mentation functionality. To briefly summarize the reason ADS-B should be used
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Figure 3.2: The positions of aircraft plotted from data provided by crowd-sourced ADS-B

receivers, courtesy of Fredrik Lindahl, Flightradar24. The data represents 1040 unique aircraft

signals received for one second as an indication of the amount of data available. Note that the

data received by ground based receivers do not have polar or oceanic coverage.

globally:

“If only three percent of flights were equipped with ADS-B and were

able to alter their speed and altitude in a manner to increase efficiency,

2.7 million litres of fuel, and emmitance of approximately 7200 tons of

greenhouse gases would be saved annually.”

-Rudy Kellar, NAV CANADA Vice president of operations [NavCanada,

2010].
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3.2.1.2 Canadian Implementation

Navigation Canada (Nav Canada) is one organization that has pioneered the inte-

gration of ADS-B to enhance aircraft separation and flight safety in remote areas of

Canada’s North. The majority of these flights link Europe and North America, while

many others transit to Asia, including those using polar routes [NavCanada, 2011].

Figure 3.3: Nav Canada Radar (green) and ADS-B (yellow). Coverage reproduced from Nav

Canada website: [NavCanada, 2011].

Implementation of ADS-B surveillance in Canadian airspace, notably over the

Hudson Bay area since January 2009, uses the 1090 MHz ES [ADS-B-Technologies ,

2011; NavCanada, 2011]. The 1090 MHz ES transmissions were selected for world-

wide interoperability given lineage to Mode Select (Mode-S) transponders carried on

all commercial airlines and on many business and charter aircraft. These aircraft and

any other aircraft that fly in (Class A) high altitude airspace are required to install

a 1090 MHz ES transmitter as a minimum.

The 1090 MHz ES ADS-B message is a 120 bit transmission that contains the

aircraft identification, position, velocity and status. The message is broadcast on
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a period which ranges randomly between 0.4 and 0.6 seconds. This randomization

function is designed to prevent aircraft from having synchronized transmissions on the

same frequency, and thus interfering with each other’s transmissions. Other studies

by Van Der Pryt [2014]; Van Der Pryt and Vincent [2015a,b, 2016] have investigated

the effects of ADS-B signal collision, bit-swapping, and other undesirable effects.

ADS-B is also being adopted by air traffic service organizations in other countries.

A collaboration with the European community and United States of America (USA)

was announced 10 January 2011 with the initiation of an international program called

“ENGAGE” to reduce the amount of fuel and greenhouse gases released in the oceanic

space of the North Atlantic. Seven new generation ADS-B installations in Northern

Canada provide coverage improving the capacity, efficiency, and security of air traffic

during polar and international flights. With 350 000 flights over the North Atlantic

airspace each year, it is the busiest in the world [Tremblay et al., 2009; NavCanada,

2010].

3.2.1.3 Satellite Augmentation of ADS-B/ Current platforms carrying ADS-B

A potential solution for worldwide tracking of aircraft is to monitor aircraft transmit-

ted ADS-B signals using satellite-borne receivers. Such a system would be particularly

useful for monitoring aircraft over oceanic regions but also could be used over land, for

example in Canada’s high Arctic, where large areas are without air traffic surveillance

[Francis et al., 2011].

To investigate this possibility, a high altitude balloon experiment was carried out

in June 2009 to determine if ADS-B signals could be detected from near space. The

Flying Laboratory for the Observation of ADS-B Transmissions (FLOAT) was the

first stratospheric platform to collect ADS-B data [Francis et al., 2011]. The FLOAT

mission successfully demonstrated the reception of ADS-B signals from near space,

paving the way to the development of a space-based ADS-B system.

Since the FLOAT mission, a significant amount of interest has been received from

government agencies as well as the private sector. The FLOAT balloon mission was

a success and subsequently led to RMC’s entry into the Canadian Satellite Design
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Challenge (CSDC) [Rubio, 2010], the Space ADSB Receiver Experiment (SABRE)

[Castillo et al., 2012]. Regretfully the SABRE satellite never flew, however another

high altitude balloon mission tested the satellite payload and as a result of these

efforts, the payload was integrated onto the CanX-7 satellite in conjunction with

COM DEV, University of Toronto Institute for Aerospace Studies (UTIAS) and De-

fence Research and Development Canada (DRDC) [University of Toronto Institute

for Aerospace Studies Space Flight Laboratory , 2014].

CanX-7 was a nano-satellite equipped with an ADS-B receiver launched into a

690 km sun synchronous orbit on 26 September 2016 to validate this idea. CanX-7

was a demonstration mission that demonstrated a lightweight, deployable drag sail

to achieve the de-orbit requirements of the Inter-Agency Space Debris Coordina-

tion Committee [Inter-Agency Space Debris Coordination Committee, 2007; National

Aeronautics and Space Administration, 2012]. While the primary mission of CanX-7

was to demonstrate de-orbiting technology, it was also used to evaluate an ADS-B

receiver in space [Shmuel et al., 2012; University of Toronto Institute for Aerospace

Studies Space Flight Laboratory , 2014; Bennett and Zee, 2016; Freitag , 2017; Vin-

cent and Van Der Pryt , 2017]. Prior to deploying its four drag-sails, CanX-7 was

among the first satellites in the world to evaluate the use of an ADS-B receiver in

space [Shmuel et al., 2012; University of Toronto Institute for Aerospace Studies Space

Flight Laboratory , 2014]. CanX-7 received ADS-B signals from various aircraft dis-

tributions and geometries with slant ranges in excess of 2000 km and up to 3300 km

at look angles (off-nadir) of ∼ 64◦ [Kelly Freitag - personal communication, Vincent

and Van Der Pryt [2017]].

Regretfully, useful data for ionospheric sounding was not available since the pur-

pose of the demonstration satellite was to receive ADS-B and the antenna configu-

ration and sampling were not amenable to ionospheric measurement. This research

communicates the requirements for future operational ADS-B satellites as well as

other satellite systems that use linearly polarized radio signals, which could be con-

sidered for the secondary scientific purpose of ionospheric sounding in addition to

their intended purpose. These include an appropriate antenna configuration, capabil-



56

ity of measuring the complete waveform, and accurate satellite attitude determination

and control.

There are other organizations that are interested in space-based air traffic moni-

toring using ADS-B including the European Space Agency Proba-V mission [Francois

et al., 2014] and GomSpace GomX-1 [Alminde et al., 2012]. The Proba-V missions are

a series of space-flight opportunities for new technologies from European companies

(especially small and medium enterprises) to help boost Europe’s competitiveness

in global markets [European Space Agency , 2013b]. One technology of interest for

Proba-V has been an ADS-B receiver contributed by the (Deutsches Zentrum für

Luft- und Raumfahrt e.V. abbreviated DLR) German Aerospace Center. DLR is

working with industrial partner Société Européenne des Satellites Astra on a con-

stellation of satellites for global coverage – one of a number of such initiatives in the

planning stages around the world [European Space Agency , 2013a]. GomX-1 is a col-

laboration between Gomspace, DSE Airport Solutions, Aalborg University and fund-

ing from the Danish National Advanced Technology Foundation to launch GomX-1; a

2U nanosatellite mission with a software defined radio emphasis on receiving ADS-B

signals [GomSpace, 2013; Alminde et al., 2014].

ADS-B (and AIS) receivers have also been integrated as hosted secondary pay-

loads on the Iridium Next constellation, Iridium’s second generation 66 satellite LEO

constellation [Aireon, 2015; de Selding , 2015]. The Iridium satellite constellation

has provided global L-band voice and data coverage to satellite phones, pagers and

integrated transceivers since 2002. Iridium has recently replaced its existing constel-

lation by sending 75 Iridium NEXT satellites into space over 8 different launches

from 2017–2019. Although the primary mission of the Iridium NEXT satellites is

to provide global satellite telecommunications, these new generation satellites also

carry other payloads such as ADS-B and AIS receivers which provide additional ca-

pabilities while utilizing the benefit of integrated commercial satellite communications

downlink. The contract awarded to Harris Corporation by Aireon LLC (a joint ven-

ture between Iridium and Nav Canada) represents the largest implementation of a

commercially hosted payload solution to date. The first-ever global aircraft tracking
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capability will play a key role in the modernization of global air traffic management

infrastructure [Harris Corporation, 2012, 2014].

3.2.2 Automatic Identification System (AIS)

Ship detection has been made possible by a combination of remote sensing data and

data from other sources such as AIS [Greidanus , 2005]. AIS is a marine vessel tracking

technology used to monitor and control marine traffic, particularly in high traffic areas

such as ports and harbours.

exactEarth is a Canadian company that has pioneered global maritime vessel data

monitoring using spaceborne AIS receivers for ship tracking and maritime situational

awareness. Since its establishment in 2009, exactEarth has provided a powerful mar-

itime surveillance tool called Satellite-AIS (S-AIS), which has provided regional and

global maritime pictures of the world’s oceans, unrestricted by the terrestrial lim-

itations encountered using ground based techniques. exactEarth’s infrastructure is

composed of an operational data processing supply chain involving a constellation

of satellites, receiving ground stations, patented decoding algorithms and advanced

“big data” processing and distribution facilities. This system provides the most com-

prehensive picture of the location of AIS equipped maritime vessels throughout the

world and allows exactEarth to deliver data and information services characterized

by high performance, reliability, security and simplicity to large international markets

[exactEarth, 2015].

This is achieved in a similar manner to the method that was discussed previously

with respect to the implementation of space-based ADS-B. The SMAD architecture

was the inspiration for the deployment of space-borne ADS-B transceivers to monitor

air traffic in a similar manner. Ships transmit beacons that include state vectors

derived from on-board GPS receivers and other instrumentation. These signals are

received by a satellite constellation and relayed to a ground network in near real-time.

The AIS constellation can provides updated information on identified vessels, includ-

ing their respective locations and a wide range of other relevant maritime geospatial

information at least once per hour.
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exactEarth utilizes a network of high data rate ground stations to enable rapid

distribution of the data to global customers. To briefly summarize the benefits of AIS,

equipping larger vessels has led to improved capabilities in maritime traffic picture

monitoring, control and consequently maritime safety and security, particularity in

high traffic regions such as ports. By equipping smaller vessels with inexpensive

AIS transceivers, including fishing fleets, AIS can be used as an important tool for

fisheries management and to combat piracy. The AIS satellites orbit the equator every

97 minutes, making the constellation of polar orbiting satellites capable of providing

adequate coverage, particularly for busy tropical shipping regions of the world with

high density maritime traffic [exactEarth, 2015].

In 2015, exactEarth announced the successful launch of its ninth AIS satellite,

exactView-9 (EV9) to expand and compliment the constellation currently being used

for global vessel monitoring. EV9 employs a next generation AIS payload that sup-

ports exactEarth’s patented ground-based AIS spectrum processing technology in

order to deliver superior detection performance. EV9 is also capable of providing

high performance detection of low power class B AIS transceivers, for the small vessel

market [exactEarth, 2015].

These additional transmitters and ray paths will improve the spatial sampling

suitability for the CT methods that will be described in Section 3.4.

AIS is another hosted payload on 58 of the Iridium Next constellation in order to

provide unprecedented real-time global marine vessel tracking. This new AIS system

has inter-satellite cross-links for continuous communication with the existing ground

stations to provide an average global revisit time of less than one minute [exactEarth,

2016]. This may also offer the opportunity to study conjunctions between AIS and

ADS-B datasets.

3.2.3 Automatic Packet Reporting System (APRS)

Finally, other signals of opportunity were considered for example APRS [Cushley and

Noël , 2015]. APRS is a linearly polarized beacon signal that could also be considered

in addition to ADS-B and AIS, but it was not explored in any great detail in this
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thesis other than to examine the FR due to APRS to compared it with AIS and

ADS-B.

APRS is a radio-based digital communication protocol developed and utilized by

the amateur radio community to report and track the position and status of APRS-

equipped stations. There are both ground and space-borne digital repeaters, including

Psat (launched 20 May 2015) and on the International Space Station (ISS).

APRS was developed by Bruninga (WB4APR) [1992], a hand amateur (HAM)

radio operator and instructor at the United States Naval Academy in Annapolis, to

report and track the position and status of APRS-equipped stations. Initial testing

was performed to track the midshipmen travelling from Annapolis to Philidelphia ('

150 km) for the Army/Navy football game. A football helmet was packed with a GPS

receiver, a radio modem and transmitter operating on the VHF HAM band. This

experiment was performed during a time before cell phones were popular and when

GPS receivers were a novelty for civilians and still relatively expensive. The true

innovation was to plot the automatic position reports on a computer map display to

graphically track the station [Mills , 2010]. Figure 3.4 shows an example for the station

VA3CUS (red dots) travelling round-trip from Kingston, ON to Fredericton, NB in

December 2014. A subset of the permanent stations (e.g. weather, CW, hospitals,

airports) that received signals directly from VA3CUS are also shown. Other mobile

stations are not shown for image clarity. For a complete legend of the symbols shown

in Fig. 3.4, please refer to www.aprs.fi.

Modern APRS stations involve the same components used for the initial testing:

a GNSS receiver such as GPS, a radio modem or terminal node controller (TNC)

and a VHF transmitter. Many transceivers (transmitter/receiver) have an integrated

TNC and/or GPS receiver and come in various sizes for different applications. Hand-

held HAM radios are similar in appearance and size to commercially available UHF

walkie-talkies and are portable, but have lower transmit power and consequently

range. Mobile transceivers are designed for use in vehicles (primarily ground based

although APRS has been used on aircraft, boats, high altitude balloons, satellites and

the ISS) and have a wider range in available transmit power and range. Base station
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transceivers have much higher transmit power and range. Although their position

generally does not change, the automatically generated packets can include other

information such as weather reports. Most transceivers can be used to repeat the

received APRS signals to extend the range of the initial transmission. Some stations

function as internet gates; APRS data is ingested into a centralized server called the

APRS Internet System (APRS-IS) for immediate public access. The development of

APRS and the APRS-IS network itself utilizes the hard work of dedicated HAMs.

Although cellular phones and other subscriber identification module (SIM) track-

ing and control development have taken over the commercial market, APRS offers

the same baseline capability for tracking and is free to use with a HAM licence.

APRS can also be a good alternative in regions lacking cellular reception, especially

because there are several APRS Satellite Tracking and Reporting System satellites

which function as digital relays to the global internet linked system of ground stations

to provide 24/7 access [Bruninga (WB4APR), 2006].

There are several satellites (e.g. PCSat and the ISS) that function as APRS

repeaters, they do not record the waveform and so they cannot measure FR or time

of propagation and are not suitable for the tomographic method described in this

thesis. They may be used to measure two-way propagation of the repeated signals

using a ground based transceiver with an accurate clock. This data may be considered

further in future studies and serve as yet another example of a signal of opportunity

for ionospheric sounding. Future satellites should consider measuring FR or signal

propagation time for ionospheric studies, which are also beneficial to characterizing

propagation conditions for HAM radio.

3.3 Ray Tracing

To date, the type of real data required to perform this research has not been available

from either ADS-B or AIS. Since polarization measurements of ADS-B and AIS signals

are currently not available, an EM-wave ray tracing model developed by [Gillies

et al., 2007] has been used generate synthetic data. The ray trace model is capable

of determining the wave path and polarization state at the location of the satellite
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receiver. The ray trace program, based on the ray formalism developed by Haselgrove

[1963], uses Eqn. 2.3 to determine the indices of refraction of a radio wave in a

magneto-ionic medium used in the ray tracing equations. This model provides the

group velocity and rate of change of the wave vector direction. Inputs to the ray

trace program include the initial wave-vector direction, the wave frequency, and a set

of propagation conditions such as the magnetic field vector, and an electron density

profile for the ionosphere. The program computes the path of the wave for a given

frequency, that both the O-mode and X-mode takes from the fixed initial position of

the transmitter to a specified position of the satellite carrying the receiver.

The initial polarization orientation of the wave leaving the transmitter must be

known. For the current purpose of this work all waves will be assumed to be ver-

tically plane polarized for AIS [The International Telecommunications Union, 1998;

Kyovtorov et al., 2012; Parsons et al., 2013] and ADS-B [Radio Technical Commis-

sion for Aeronautics , 2003; Haque et al., 2013]. In reality, the initial polarization of

the wave may be different for unique transmitters, but would be constant for any

given aircraft/ship transmitter. While ship /aircraft orientation (pitch, yaw and roll

i.e. banking and climbing) also affects the orientation of the transmitted signal, that

information is part of the ADS-B packet and the initial orientation of the polar-

ization can be determined. For the purpose of tomography the initial orientation

does not necessarily need to be known since the rate of rotation over consecutive

epochs (between transmitter-receiver pairs) rather than the absolute value can be

used [Klobuchar and Liu, 1989].

A ray-tracing program was obtained from Gillies et al. [2007]. The program

was used to generate TEC outputs from rays that passed from given locations, at

a given elevation angle through the input 2D ne-profile to a given satellite location

[Gillies , 2006; Gillies et al., 2007; Gillies , 2010]. The model was used to show that

the FR of the signals received by the satellite should be detectable. Previous work

by Yueh [1999] has shown that FR can be used to obtain the TEC along the paths.

The computed TEC and ray path geometry are then used to reconstruct the electron

density profile that the EM-waves propagated through. The reconstructed TEC maps
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are compared to the input profiles to evaluate the feasibility of ionospheric sounding

using ADS-B and AIS signals, particularly applying CIT methods.

For this investigation of CIT, the vertical ionospheric ne-profiles were generated

using the IRI model [Bilitza et al., 2011]. An ionospheric features altitude (km),

height (standard deviation in km), latitude (degrees) and width (standard deviation

in degrees) were modified in order to superimpose various ionospheric features. These

new maps are then used as input to the ray trace model to simulate rays leaving from

an aircraft, passing through the enhancement/depletion and finally being received

by the satellite. Measuring (or modelling in this case) the polarization angle of the

received wave and knowing the initial polarization of the wave, the FR for the ray

path can be calculated.

IDL was used to analyse all ray-files for a single aircraft. The output of the ray-

tracing program included various ray parameters that can be printed and/or plotted.

They include: x, y, z-component of the Earth’s magnetic field in nT, geographic

latitude and longitude in degrees, altitude in km, aspect angle, electron density (in

m−3), the refractive index squared, the elevation angle, great circle distance (km),

slant range (km), bending angle, and relative power. Some of these variables were

used to calculate parameters along the ray path; like integrating the refractive index

and distance along the path to determine phase and Faraday rotation. By dividing

the average z-component of the magnetic field, the TEC was plotted as a function of

receiver latitude.

Other pre-processing steps were used to validate output and strip erroneous pa-

rameters and their corresponding values. These included elevation cut-off below 10◦,

correction of elevations to un-flipped tracking, convergence altitude, etc. This simply

filtered the rays which did not converge, or were LOS and converged when typically

signals at low elevation angles are not robustly received [Cushley , 2010].
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3.4 Reconstruction

3.4.1 The Inverse Problems

In mathematical models of physical phenomena, a problem is said to be well posed if

it satisfies three conditions: a solution exists, the solution is unique and the behaviour

of which does not change dramatically when a small change in the initial conditions is

introduced. Otherwise, the problem is said to be ill-posed [Hadamard , 1902; Tikhonov

and Arsenin, 1977]. Examples of ill-posed problems are inversion problems such as

the inverse heat problem or CT.

There are several types of sparse linear systems (see Numerical Recipes sect 2.7);

a matrix with only a relatively small number of non-zero elements [Press et al., 2007].

When working with very large problems that begin to tax the memory space available,

it is wasteful to use general algebraic methods that require memory be wasted on

unfruitful zero values. In this case, there are two distinct (and often incompatible)

goals for any sparse matrix method; to save time and/or memory. Many practical

schemes have been created to deal with sparse matrix problems. They are generally

decomposition or elimination schemes that are optimized to reduce the number of

fill-ins, initially zero elements that must become non-zero during the solution process

and for which memory must be reserved. Therefore, direct methods depend on the

pattern of sparsity of the matrix. Several different patterns are shown in Fig. 3.5,

although are not reviewed further within the scope of this work, which best fits in

the “other” category.

One method for matrices that fall under the “other” category because they do

not follow a particularly simple pattern of sparsity is to try an analyze/ factorize/

operate package in order to automate the procedure of determining how fill-ins can be

minimized. The analyze stage is used only once for each pattern of sparsity, factorize

is done once for each matrix that fits the pattern and operate is performed once for

each right-hand side to be used with the particular matrix
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Figure 3.5: Various standard forms of sparse matrices: (a) band diagonal, (b) block triagonal,

(c) block tridiagonal, (d) singly bordered block diagonal, (e) doubly bordered block diagonal,

(f) singly bordered block triangular, (g) bordered band-triangular, (h) singly bordered band

diagonal, (i)doubly bordered band diagonal, (j) and (k) other! [Tewarson, 1973; Press et al.,

2007]
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3.4.2 Computer Tomography (CT)

Tomography is part of a family of inverse problems that are often difficult because

they are ill-posed . CIT constitutes an under-determined ill-posed inverse problem due

to the multi-scale variability of the ionosphere in addition to the biases and errors

computing TEC [IONOLAB Ionospheric Research Laboratory ]. The mathematical

problem posed by CT includes projecting radiation through an object at different

angles resulting in multiple measurements or estimates of the objects interior; calcu-

lating image pixel values from projection values [Tessa et al., 2007]. The transmitted

radiation passes through an object over many paths to a number of receivers. Over

each path, the attenuation, or alternatively the absorption of the transmitted signal

varies due to the changes in density of the object.

3.4.3 Computerized Ionospheric Tomography (CIT)

In CIT, the integrated measurements of the attenuation coefficient along the ray

paths from transmitter to receivers, are due to the variation of the integrated electron

density along the paths or TEC as discussed in section 1.3.1.1 and given by Eqn. 1.1.

The sampling geometry from which the projection data is acquired in CIT is

shown in Fig. 3.6. The transmit points over the satellite orbit are shown by Sn with

only the parallel rays through the ionospheric layers to ground receivers gn forming

projections P (θn).

The coverage that is required for the purpose of the mission dictates the orbit

geometry, and the number of satellites. For example, the satellite that generates the

images used to create and update Google Earth and Maps need not be real-time

because things like roads, buildings, and cities generally do not change very rapidly.

A single Earth remote sensing satellite in a LEO with pointing capability can image

the same local region once ∼ 14 orbits [Elachi and van Zyl , 2006]. For GPS or the

proposed ADS-B satellites, the mission requirement is for real-time services therefore

a constellation of satellites is required because temporal variations of position occurs

on a shorter time-scale than infrastructure development.
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Figure 3.6: CIT imaging geometry. Adapted from Na [1996]

Extending this principal to the ionosphere, it can be said that the data collection

interval must not exceed the time for which the ionosphere stays relatively inactive.

We assume that during the time for which data is collected, the ionosphere is horizon-

tally uniform and does not change significantly in time. This time can vary depending

on the number of receiving stations that are used ranging from a few minutes [Meggs

et al., 2004; Max van de Kamp, 2012] to an hour [Choi et al., 2006] but should be
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minimized, whenever possible. For the papers presented in Chapters 4 and 7 the data

integration time is 3-4 minutes and ∼7 minutes respectively.

In conventional CIT using GPS, the differential phase shift encountered by dual-

frequency satellite signals for each satellite epoch and receiver pair is proportional

to the relative TEC along the corresponding ray path. For the cases studied in this

work the TEC was estimated using the FR. There is generally a lack of information

pertaining to electron density distribution in the vertical direction since TEC is an

integrated value and there are no horizontal ray paths. There are also typically less

TEC measurements than unknown pixel values.

Since Austen et al. [1986] proposed the possibility of satellite radio tomography,

also known as CIT, the study of detailed features of the ionosphere and plasmasphere

have become possible by means of tomographic reconstruction. In applications such

as CIT, for noisy or incomplete data sets, using pixel-based methods has been shown

to have advantages [Tessa et al., 2007]. Each pixel represents a region of space in the

ionosphere. The intensity of the pixel is the average value of the measured physical

property, generally the amount of attenuation or in the case of this study the FR

which is proportional to the electron density.

There are two principle categories of CT reconstruction: pixel based methods

and non-pixel based methods. Both methods were considered in numerous literature

sources pertaining to medical imaging, geo-physics, GPS CIT, mathematics and com-

puter science by Cushley [2013]. It was found that non-pixel based methods could

not be applied to CIT. Non-pixel based methods, as first used in medical CT scans,

generally apply best to complete datasets. This requires a measure for every sensor

position moved in equal increments, whether equiangular or equidistant, and the dis-

tance (or height in the case of CIT) is known. This is not the case in CIT therefore

pixel-based methods are employed.

3.4.4 Algebraic Reconstruction Technique (ART)

The most commonly used pixel-based method of CIT is the Algebraic Reconstruction

Technique (ART). ART forms the basis of most of the other pixel-based methods,
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e.g. Simultaneous Algebraic Reconstruction Technique (SART), Simultaneous Itera-

tive Reconstruction Technique (SIRT) [Tessa et al., 2007] or multiplicative algebraic

reconstruction technique (MART) [Atkinson and Soria, 2007]. The ART algorithm

can be implemented using the following equation [Choi et al., 2006].

Nk+1
e = Nk

e + λk

STECi −
ρ∑
j=1

dijn
k
ej

ρ∑
j=1

dijdij

Di (3.1)

where j is the pixel number, k is the iteration number, λk is a relaxation pa-

rameter, Nk
e is a vector of the ionosphere electron densities (nkej) for the kth iteration,

Nk+1
e is a vector of the modified values of the electron densities (nk+1

ej ) for the next

kth + 1 iteration. The vector STECi contains the TEC measurements taken over

i propagation paths with various elevation angles and slant ranges. The matrix D

relates the ray data to the pixels in the reconstruction grid; there is a row for each

ray, and column for each pixel in the reconstruction grid (e.g. a 100 × 100 grid has

10000 pixels to solve). The STECi contribution from ray i to pixel j in the matrix

D is dij. The ith row of D is Di, and ρ = 10000 is the total number of pixels in the

reconstruction grid.

The ART algorithm is used to spread the measured value over the appropriate

pixels in the reconstruction grid, analogous to back-projection, and modifies the pixel

values in Nk
e by incremental amounts for each iteration. In the resulting reconstructed

image, the brightness of pixels that are intersected by rays change to allow the ray

sum to approach the measured projection value in STEC.

Figure 3.7 shows a flowchart of the implementation of the ART procedure [Choi

et al., 2006];

The input data consisted of the modelled TEC measurements obtained in the

previous section. It represents a conservative estimate of the air traffic in the AOI,

that can be received by a space-borne ADS-B receiver on a LEO satellite during

a single pass. Although j independent equations with j unknowns can be solved,

solving a large system of equations is a challenging and computationally intensive

task. Due to the fact that the system is very large, and the unknown offset of
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Figure 3.7: Implementation of the ART Algorithm. Note that M = ρ in Eqn. 3.1

[Choi et al., 2006]

the TEC measurement from absolute TEC discussed in section 3.4.4.3, the program

approximated the solution within a given tolerance. Equations were not solved for the

electron densities themselves but rather their deviation from the background density

for each iteration. This is shown in the blue diamond in Fig. 3.7. The summation

of the pixel values along the path, subtracted from the STEC measure is the error

(Ei×1 in Eqn. 3.7), which is compared to the tolerance. If the error is within a given

tolerance the algorithm stops and the last iteration is displayed. If the tolerance is

not met, the difference is multiplied by a relaxation parameter λk and distributed

throughout all pixels j intersected by ray i as shown in the pink rectangle in Fig. 3.7.

The ART algorithm uses an initial guess (even if that is a blank grid initialized

to zero or 1) for the pixel values of the image in the reconstruction image, then

after solving Eqn. 3.3 with the initial guess for Nk
e the direction to proceed to

the real value is determined and incrementally adjusted within a tolerance to avoid

oscillating about the value indefinitely. The tolerance can be set for convergence that

dictates the desired quality of the reconstruction. A smaller value for the tolerance

corresponds to lower relative uncertainty, which is correlated with the time needed to
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reach convergence [Tessa et al., 2007]. The lower the tolerance, the longer the time

required for convergence.

The ART algorithm takes the following form:

Nnew
e = N old

e + λk[∆N ] (3.2)

The ART method is affected by numerical uncertainties that are introduced by

inconsistencies in the system of equations. It is possible to reduce the effect of the

uncertainties by using a relaxation parameter λk. The parameter λk is generally

referred to as a relaxation parameter, but is in fact a regularization factor from

regularization techniques [Tikhonov and Arsenin, 1977; Tikhonov and Goncharsky ,

1987]. The relaxation parameter can be iterative or chosen to be constant for each

iteration in order to control the convergence rate of the algorithm and maintains the

stability of the numerical method. The value for λk is confined between 0 < λk <

2. An in-depth study of the effect of λk on the reconstructions was not performed

in previous work by [Cushley , 2013; Cushley and Noël , 2014] and the relaxation

parameter was not optimized for this research. After considering the literature sources

for GPS CIT using ART a value of λk =0.005 was used for all iterations [Choi et al.,

2006].

The ART technique converges relatively rapidly compared to other methods [Her-

man, 1980; Feeman, 2010; Vijayalakshmi and Vindhya, 2014], and can use an initial

guess or a priori estimate to perform the reconstruction. Although several methods

and algorithms exist, ART has been widely used, and is well documented. The source

of the initial or a priori guess is different for every application, and possibly for each

individual reconstruction. For instance, in medical brain scans a Shepp Logan Phan-

tom (see Fig. 3.8) could be used as the a priori guess. Possibly the Phantom could be

skewed to the measured dimensions of each patients skull. In this case the Phantom

is a good representation of what the interior structure of a skull should look like;

free-space surrounding skull, and two lobes inside.

In nano-tomography of an unknown mineral structure, the a priori guess may

simply be a logical index of ones representing the measured dimensions of the unknown



72

Figure 3.8: Shepp-Logan Phantom image available through MATLAB c©; a numerical computing

environment and programming language, created by Mathworks.

[Shepp and Logan, 1974]

object. In seismic CT, the a priori guess may be obtained by drilling a bore sample

and measuring the density and height of the soil layers, water table, etc. For the

ionosphere the a priori guess may be determined by empirical models or measurement

data from another source. When a priori data is otherwise unavailable, the initial

guess for ART may simply be the grid, initialized with values of 0 for all pixels. Overall

convergence is longer and some reconstructions are not very good representations of

the object, dependent especially on the application, method, and density of sampling.

The ART algorithm is a method by which an ill-posed linear algebraic problem

can be solved. A system of linear equations may be written as;

A~x = ~p. (3.3)

where ~x is a vector of unknown pixel values , ~p is a column vector of measured values,

and A is a matrix in which its rows relate the contribution of each measured value p to

the determination of the individual unknown pixel values x. This is an ill-conditioned

system of equations. Generally this will be an under-determined problem with more

unknowns than equations, but can also be over-determined with more equations than

unknowns.
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3.4.4.1 A Conceptual Explanation And Simple Numerical Example to Show the Proce-

dure

The mathematics of CT were solved numerous times for different imaging applications

such as medical, seismic, micro and nano-imaging. Other derivations were driven by

pure mathematics and computer science to enhance the efficiency or accuracy of

the solution to this ill-posed problem. John Radon was the first to do so in 1917

in his paper “Über die Bestimmung von Funktionen durch ihre Integralwerte längs

gewisser Mannigfaltigkeiten.” (“On the determination of functions by their integral

values along certain manifolds”) [Radon, 1986]. Radon’s transform for reconstruction

of an object is rather involved and non-pixel based methods are not very applicable

to CIT, however remains noteworthy in the development of CT applications. A

full explanation of the early theory of CT will be set aside for a simple conceptual

explanation using a sudoku puzzle as an overly simplified numerical example that can

be computed manually without the use of a computer.

Consider a black box that contains a completed Sudoku puzzle. A Sudoku puzzle

can have more than one solution. There are in fact several non-unique solutions.

This is why there are various sudoku puzzle possibilities. There are in fact 6.67×1021

possible solutions, ignoring rotations [Felgenhauer and Jarvis , 2005]. The integral

of each row and column of the puzzle is 45. There is no variation in the projection

data and therefore no information is revealed about the puzzle inside. Additional

information, such as the diagonal integrals is required. A well-formed Sudoku puzzle

is one that has a unique solution, but even if none of the values for xi were given

in Fig. 3.9 if a complete set of 34 diagonal projection values were known, at least

a non-unique solution to the system may be found using CT by adjusting the pixel

values until the difference between the known integrated values along each diagonal

and those integrated along the same path in the grid goes to zero. This is an example

of an under-determined ill-posed problem.

To demonstrate this procedure further, an overly simplified illustrative example

using a square grid containing 3×3 pixels to represent an unknown object is used.
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Figure 3.9: Left: a Sudoku puzzle with 20 given values. The integral of each row and column

is 45. The integral along each diagonal is shown with a different line and text color for each.

Right: The solution to the Sudoku puzzle shown on the left.

The object is sampled in four different directions (horizontally and vertically in the

left panel, diagonally in the right panel) shown in Fig. 3.10. This results in a system

of 12 equations for 9 unknowns (x1,x2, ... ,x9). According to basic algebra in order

to solve a system of equations for nine unknown variables xi, only nine independent

equations are required. The equations are not independent of one another, evident

by the summation of the three horizontal and vertical equations forming the same

equation (x1+x2+ ... +x9=12). Therefore eleven of the twelve equations must be

used to uniquely solve for the values of xi in this ill-posed problem.

This simple example is a bit different since it is an over-determined while the

above is under-determined. It should be evident that using a computer becomes a

necessity when we want to solve larger systems of pixels, simultaneous measurements,

and directions for applications in CT. This simple example demonstrates the basic

numerical method that is used is inefficient from the surplus of measurements, but

represents the basic method of the reconstruction for a single 2D plane in CT.
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Figure 3.10: Diagram showing the sampling of a square grid containing 3x3 unknown pixels.

Red lines show direction sampled and total value attenuated. See Appendix A for the solution

to xi

3.4.4.2 Applying ART to CIT

For this study ART was selected for several reasons:

• it provides a superior reconstruction (for low gradients) [Kunitsyn and Tereschenko,

2003];

• it is tolerant of random sampling geometry and sparse dataset, unlike FFT,

and;

• it can use a priori injection as a first guess then iteratively improve the guess

using measurement data.

FR measurements, once they have been converted to STEC constitutes a system

of equations of the form of Eq. 3.3 from which the solution of x may be sought. By

examining the electron density in Eqn. 1.1 as a function of pixel j in the reconstruction

grid and neglecting the time-component for all data within the specified collection
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period and can be written as follows,

STECi =

∫ l

0

Ne(j)dl. (3.4)

where Ne(j) is a vector of j unknown pixel values, and dl is an element of the matrix

D, which relates the contribution of the measured value of STECi to pixel nej along

path i. Inversion of these relative TEC measurements using the ambient CIT imaging

geometry constitutes the tomographic image reconstruction process.

The problem may be written as a system of linear equations for which the unknown

pixel values neρ must be solved as follows,

d11ne1 + d12ne2 + d13ne3 + . . .+ djnej = STEC1

d21ne1 + d22ne2 + d23ne3 + . . .+ d2jnej = STEC2

d31ne1 + d32ne2 + d33ne3 + . . .+ d3jnej = STEC3 (3.5)

...

di1ne1 + di2ne2 + di3ne3 + . . .+ dijnej = STECi

Equation 3.5 can be written more compactly as follows,

STECi =

ρ∑
j=1

nejdij + ∆i (3.6)

where ∆i is the uncertainty associated with integrated pixels j (due to discretization

errors and measurement noise) for ray path i. For each and every STEC measurement,

there is an equation of the form of Eq. 3.6. The STEC measurement of the ray path

can be represented as a series of finite summations of shorter integrals along segments

of the ray path length dij; the contribution of ray i to pixel j. If the ray does not

traverse the pixel, dij = 0.

Rather than dealing with such a large system of equations, matrix notation is

useful,

STECi×1 = Di×j ×Ne j×1 + Ei×1 (3.7)

where STECi×1, Ei×1, and Ne j×1 are column vectors of i measurements of STEC,

i associated error values, and j unknown pixel values nej, respectively. Di×j is the
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geometry matrix. The STEC is the known modelled or measured quantity while D is

computed from the time-tagged aircraft and satellite state vectors. Using a successive

iteration approach, the pixel intensities are modified to allow the projection through

the pixels (DNe) to approach the measured projection (STEC) while minimizing the

residuals E. Each projection provides a different view of the interior.

The matrix D is often called the geometry matrix or the weight matrix, particu-

larly if the analysis of the ray geometry is made to be more elaborate based on several

other factors such as the length segment of the ray for each pixel, or the relationship

of a pixel to its neighbouring pixels [Max van de Kamp, 2012]. The simplest form for

the geometry matrix is a logical index with a row depicting each ray, and columns

for each pixel in the reconstruction grid, assigned 1 if the ray contributes to the pixel

and 0 otherwise.

Referring back to the numerical example for the unknown object that was previ-

ously shown in Fig. 3.10, the twelve rays can be expressed as follows:

1 1 1 0 0 0 0 0 0
0 0 0 1 1 1 0 0 0
0 0 0 0 0 0 1 1 1
1 0 0 1 0 0 1 0 0
0 1 0 0 1 0 0 1 0
0 0 1 0 0 1 0 0 1
0 1 0 0 0 1 0 0 0
1 0 0 0 1 0 0 0 1
0 0 0 1 0 0 0 1 0
0 1 0 1 0 0 0 0 0
0 0 1 0 1 0 1 0 0
0 0 0 0 0 1 0 1 0





x1
x2
x3
x4
x5
x6
x7
x8
x9


=



3
4
5
3
6
3
2
5
2
3
6
1



(3.8)

A rectangular grid can be used to represent a 2D slice of the ionosphere as shown

in Fig. 3.11. To represent the interior structure of the ionosphere, this grid is sub-

divided using a constant ∆z = 10 km in altitude from the Earth’s surface, and a

constant ∆θl = 0.5◦ in terms of the geographic latitude. The end-points for each

ray are available from the GPS positions of the time-tagged ADS-B transmissions,

and the satellite’s on-board GPS receiver, telemetry, or possibly two-line element sets

(TLEs) and orbit propagation software for signal time of arrival (TOA) positions.

For illustrative purposes, a single ray leaving the transmitter and assuming a straight
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line approximation, the pixels in blue would be assigned a value of 1, while those in

yellow would be assigned a value of 0.

Figure 3.11: An illustration of a signal ray path passing through illuminated pixels (blue) within

a portion of the 2D reconstruction grid (yellow).

Each pixel j has intensity nej (an element of Ne, calculated using Eqn. 3.1),

representative of the relative electron density in a volume over which the electron

density is assumed to be constant. The index j is the pixel number used in the

reconstruction grid, where 1≤ j ≤ ρ ∼ 104. It is also the number of terms in Eq.
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3.6. The index ρ is the total number of pixels that are used in the reconstruction grid

where ρ = gx · gy = 10000.

For the work conducted by Cushley [2013] several different grid sizes (gx × gy)

were tested. For all the results in Cushley and Noël [2014] a grid of 100 × 100 pixels

having intervals of 10 km in altitude and 0.25◦ in latitude was selected. The electron

density is also assumed to be uniform over a 1◦ slice of longitude. Therefore, the

depth of the pixels (voxels) in the grid gz, or the longitudinal extent over which the

2D reconstruction was representative of the electron density is 1◦.

The value of each pixel represents the incremental electron density along the ray

path that contributes to the estimated TEC from the total amount of FR at the

receiver. Since the electron densities are not measured directly, the projections of the

TEC along each path can only determine the electron density relative to the other

pixels.

Although the problem can be represented as a system of linear equations, essen-

tially i equations with j unknowns, with nej=10000 values to solve, this is considered

to be an under-determined ill-posed problem. When a ray is passed through the grid

it intersects a relatively small subset of the total pixels available in the grid. Since

the greatest number of pixels a ray can pass through on the reconstruction grid is 141

pixels, at a 45 ◦ angle of elevation above the horizon. The resulting D matrix is very

sparse with ∼99% of cells being zero, which results in a non-invertible problem to

solve. Non-trivial mathematics requires the use of computers for timely calculations,

hence ‘computer’ tomography.

3.4.4.3 Prior Studies of CIT Using TEC

GNSS technology such as the NAVSTAR GPS, Galileo, and Beidou is enabling tech-

nology for AIS, APRS and ADS-B. Besides providing autonomous Geo-spatial posi-

tioning, GNSS has also been used to provide measurement of the ionosphere TEC

[Hartmann and Leitinger , 1984; Austen et al., 1986; Pryse, 2003; Choi et al., 2006;

Max van de Kamp, 2012]. The systems use L band transionospheric radio signals

for positioning, navigation, and timing (PNT). These signals are susceptible to iono-
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spheric propagation effects such as phase advance and group delay, which alter the

properties of the received signal. The group path delay of a radio wave is a retar-

dation in the velocity of the information carried by the wave. Group path delay can

produce timing errors in radar and navigation systems that use tranionospheric sig-

nals; signals that propagate through the ionosphere. This group path delay timing

error is directly proportional to the TEC. Although the ionosphere can affect PNT

services, it may conversely be probed using the variations in these signal properties.

In previous studies, a GPS chain network which consisted of five ground-based

GPS receivers was identified in Eastern Australia, with geographical locations from

North to South spanning 23.17◦ [Yizengaw et al., 2004]. As further reference, other

investigations with ground stations that were separated by approximately 9◦ [Choi

et al., 2006] and 30◦ [Andreeva et al., 2001] in latitude, demonstrating the difficulty

for using GPS CIT on a large-scale [Choi et al., 2006].

Mitchell et al. [1997a] successfully demonstrated CIT was capable of reconstruct-

ing signals from polar LEO satellites by receiving dual-frequency beacons at five

ground stations in Scandinavia thereby achieving a spatial resolution for features

as small as 50 km. Although this experiment demonstrated the utility of the CIT

method for LEO satellites, the results were limited to a single meridian in latitude

and time giving only a small snapshot for each satellite pass.

Mitchell et al. [1997b] observed that for a LEO satellite, the measurements were

not evenly distributed, and for GPS measurements taken in a relatively small area,

particularly at high altitude, the situation was worse; very dense in some directions

and very sparse in others. Due to this, his work suffered from poor vertical resolution

at altitudes above 200 km. Both studies by Mitchell, as well as others used a priori

information of the vertical distribution of the electron density profile obtained from

models such as the IRI, or modified Chapman.

The use of GNSS signals has followed as an input source for CIT, and over time

more GPS ground receiving stations have been installed to receive signals from many

directions (different satellites) continuously over long integration times enabling re-

construction of the electron density profile in 4D (3 spatial dimensions, and time)



81

[Bust et al., 2007; Max van de Kamp, 2012]. Additional GPS CIT campaigns have

successfully shown the importance of CIT demonstrating methods for different input

data: LEO and GNSS applied from equatorial to polar regions [Austen et al., 1986;

Andreeva et al., 2001; Bust et al., 2007; Marcio T.A.H. Muella et al., 2011].

While there are many variations in the methods for which the TEC can be obtained

for CIT, it is principally derived from dual-frequency differential phase measurements.

In GPS nomenclature, the phase difference of the GPS dual-frequency receiver bands

L1 and L2 respectively, travelling through the same medium at a different frequency

results in differential phase and time delay [Lanyi and Roth, 1998; Choi et al., 2006].

Due to ambiguities, the absolute ionospheric delay of the carrier phase φ1 and φ2

cannot be determined. Despite this ambiguity, the differential ionospheric delay over

two consecutive epochs can be determined [Cannon, 1997; Choi et al., 2006].

Referring back to Eqn. 2.2 and recall that the refractive index depends on the

frequency of an EM wave, the travel time will be different for the two frequencies

(see Eqn. 1.2). By measuring the phase difference between the two signals at two

different frequencies, the difference in travel time can be determined and is directly

proportional to TEC. Although TEC can be measured by other methods, the TEC is

related to the phase difference by the following equation [Max van de Kamp, 2012];

TEC =
f1

Rec(f 2
1 /f

2
2 − 1)

∆φ. (3.9)

where TEC is measured in electrons per square meter, f1 and f2 are the two carrier

frequencies (MHz), Re is the radius of an electron (2.81794×10 −15m), c is the velocity

of light in a vacuum (299792458 m· s−1), and ∆φ phase difference in radians defined

as [Max van de Kamp, 2012]:

∆φ =
f1
f2

(φ2 − φ1) (3.10)

Using the GPS L1 and L2 bands, where f1 = 1575.42 MHz and f2 = 1227.6 MHz, Eq

3.9 may be written as:

TEC = 2.88255× 1015∆φ (3.11)

The measurement of the differential phase ∆φ is ambiguous when it is larger than π,

because a phase of π is equal to a phase of zero. Consequently, the absolute phase
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difference between the two signals cannot be measured. Each measurement of phase

difference may be greater than π as variation is primarily time dependent. Not only

does the ionosphere vary in time, but the satellites are moving at a high velocity and

as a result, the measured path changes dramatically.

The change between consecutive measurements of phase difference from the same

transmitter and receiver pair is much smaller than the phase difference itself and is

therefore considered unambiguous as long as it is less than π radians in absolute value.

This assumption can be justified for high enough frequencies such as those used for

GPS or ADS-B [Kunitsyn and Tereschenko, 2003]. Generally, the frequency must be

greater than the plasma frequency (as discussed in Chapter 2). Because of this, the

useful data obtained from GPS dual-frequency receivers must be preprocessed and

analysed to derive measurements of TEC over increments of ∆φ, or what is referred

to as dTEC. From the dTEC, the TEC can be reconstructed apart from an unknown

offset from the absolute TEC using the following equation [Max van de Kamp, 2012];

TEC = TEC(t)− TEC(t− dt). (3.12)

where t is time and dt is the time between consecutive epochs.

In other studies, the offset was determined using the time-stamp codes that are

transmitted by the GPS satellites. This allows for the calculation of the absolute time

delay. Range determination by this means is known as pseudo-range. Although it is

too noisy for the calculation of TEC, it is sometimes used to refine the aforementioned

offset from the absolute TEC in the reconstructed TEC [Zhen et al., 2004].

A great deal of work has been undertaken using GPS CIT methods. Other studies

of interest in terms of future comparison are studies performed over the Northern

polar cap during a period of increased disturbance by Spencer and Mitchell [2007],

Yin et al. [2008] and Pokhotelov et al. [2011]. Those studies used a priori knowledge

of the plasma motion in the inversion procedure, which gave good results for the

motion of large-scale structures, but failed to reveal structures that were smaller than

500 km in horizontal extent. For events such as these, ionospheric structures were

moving and changing at a high rate, making the detection of small-scale structures
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very difficult.

Another GPS CIT campaign of interest was an investigation using a dense network

of GPS receivers over Finland which identified structures with horizontal resolution of

approximately 100 km [Max van de Kamp, 2012]. As the investigation was dependent

on the location of ground based GPS receivers that were connected by a local area

network (LAN), the reconstruction region was limited to 2000 km around Scandinavia

in 4D.

An important result from these studies was the challenge in detecting ionospheric

features in these regions due to the reported low density of GNSS receivers. Although

successful, the GPS approach to CIT requires a meridional chain of ground-based GPS

receivers, constraining the coverage regions for imaging. Additionally, GNSS receivers

are typically sparsely and unevenly distributed, thus the resolution is generally worse

for 3D and 4D reconstruction than using the 2D method, depending on the region.

Like ADS-B, GPS ground stations are difficult to install and maintain in high

latitudes, and near-impossible in polar, and mid-ocean regions. For this reason among

others, when considering the problem of global coverage in general, whether for ATC

or space weather, it is logical to investigate a space-based solution, or one which is

not constrained by ground assets.

3.4.5 Ambiguity of FR Measurements

The ambiguity of the phase may be dealt with in one of three manners. The first

would be to use the change in TEC (dTEC) measurements between consecutive mea-

surements rather than the individual TEC measurements. This essentially uses two

RM to give the dTEC from one epoch to the other and not the absolute value [Max

van de Kamp, 2012]. Another similar method would be to use the rotation rate rather

than the rotation measurements to derive the TEC measurements, shown in Fig. 3.12

[Klobuchar and Liu, 1989]. Once again the dTEC rather than absolute value is used.

The third method is to use dual-frequency measurements similar to GPS by adding a

reference beacon frequency for the next generation satellite or when considering using

the methods discussed for other satellite missions.
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Figure 3.12: Faraday rotation rate

In the worst case scenario (iteration of the existing aircraft and satellite hardware)

a reference beacon may be considered to use the dual-frequency method previously

discussed with respect to GPS CIT in order to obtain the TEC [Leitinger , 1994; Choi

et al., 2006; Selcher , 2007; Max van de Kamp, 2012]. Adding a reference signal may

not be practical for ADS-B and AIS, but is a consideration for the design of new

satellite missions that could either benefit from using two channels (to avoid signal

collisions for example) or wish to pursue the option of producing ionospheric data as

a secondary purpose of the satellite mission (e.g. future generations of amateur radio

and university satellites).

The rotation for UHF is low enough for effective robust satellite communications,

and to avoid the nπ ambiguity as the signal will not have multiples of π measured.

Higher frequencies such as C-band (4 GHz) would undergo even less rotation, making

these frequencies feasible for robust communications however there is not enough
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variation to measure FR and subsequently to infer TEC.

In the past, differential GPS measurements have been used to determine the TEC

and produce vertical electron density profiles using tomography, among other uses.

A comparison of the FR estimates for ADS-B (row 1), GPS L1 (2) and L2 (3) bands,

AIS marine channels 87 (4) and 88 (5), and APRS (6) and is presented in Table

3.1. Note that for the GPS carriers, the frequency was applied to a linearly polarized

signal because the GPS carrier is in practice circularly polarized and FR does not

take place. After consulting the literature, the TEC values were selected to represent

a wide range of typical values (and beyond). For example global ionosphere TEC

maps can be obtained from NASA Jet Propulsion Laboratory California Institute of

Technology [2014] NRCan, etc.

Table 3.1: FR as a TEC observable; a comparison of the expected FR from Eqn. 2.11 for

ADS-B, GPS L1 and L2, AIS ( 161.975 MHz (ch 87) and 162.025 MHz (ch 88)) and APRS.

TEC (1 TECu = 1016m−2)
1 10 100 1000

Carrier FR (degrees)
ADS-B 1090 MHz 0.07 0.72 7.19 71.87
GPS L1 1575.42 MHz 0.02 0.22 2.17 21.72
GPS L2 1227.60 MHz 0.03 0.34 3.47 34.66
ch 87 AIS 161.975 MHz 3.38 33.77 337.74 3377.36
ch 88 AIS 162.025 MHz 3.38 33.75 337.52 3375.1
APRS 144.390 MHz 4.62 46.20 461.96 4619.59

The average radial magnetic field was calculated using the IGRF model to be 6542

nT for both AIS and ADS-B at an altitude of 781 km, 3993 nT for GPS at 20200 km ,

and 7111 nT for APRS at 408 km. AIS satellites orbit between 650–850 km altitude,

while APRS satellites are at lower altitudes, such as the ISS at approximately 400

km and HAMSAT (VO-52) at 595–621 km. A value of 55619.13 nT was used for

the magnetic field at AIS altitudes and 55625.51 nT for APRS altitudes as a an

approximation. The wavelengths used were 0.27 m for ADS-B and 0.19 m and 0.24

m for GPS L1 and L2 respectively. The wavelengths for the VHF band are 1.8509 m,
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1.8503 , and 2.0763 m for AIS1, AIS2 and APRS respectively. These characteristic

values were selected and used to calculate and to compare the degree of rotation

that could be expected for each type of signal using Eqn 2.12, given their respective

frequencies and the average radial component of the magnetic field using values from

IGRF (5:25 UTC on 19 Oct 2012 at 12.87◦ latitude and 130◦) and the altitude of

each satellite system respectively.

The VHF carriers all suffer ambiguous measurements above a certain level of TEC

and the values are shown in italics in the table. For APRS, measurements do not suffer

nπ ambiguity for less than 9 TECu, while both AIS carriers are unambiguous up to

approximately 12 TECu. This does not necessarily mean that these data sources can

only be used for relatively quiet conditions. Rather than consider the TEC calculated

from FR as input to CIT, the change in TEC (dTEC) between consecutive epochs

can be computed from the change in FR or rotation rate.



Chapter 4

Ionospheric tomography using ADS-B signals

4.1 Overview

The scientific results presented in this chapter are based on the following publication:

• Cushley, A. C., and J.-M. Noël, Ionospheric tomography using ADS-B signals,

Radio Sci., 49, 2014.

This study examined the potential feasibility of using ADS-B signals transmitted

by aircraft, which propagate through the ionosphere to a receiver carried by a LEO

satellite, as input to CIT techniques in order to reconstruct 2D maps of the ionospheric

electron content. Numerical simulations using synthetic data were performed, which

used a single electron density enhancement and five electron density enhancements

for the same aircraft distribution.

4.2 The Study

It was proposed by Francis et al. [2011] that a satellite could act as a receiver for

the ABS-B signals and this would improve air traffic surveillance and navigation.

In the paper presented in Chapter 4 it was proposed that in addition to tracking

aircraft, ADS-B could also be used to map the electron density of the ionosphere

Other researchers have investigated the navigation and operational aspects (improved

safety, wide-area surveillance, etc.), while this research is strictly focussed on science.

In anticipation of a demonstration satellite, originally scheduled to be launched in

2014, but eventually launched in 2016, this paper simulates an ionosphere and ADS-B

signals and applies CIT techniques to recover the ionosphere electron density profiles.

It uses the proposed orbital parameters for an ADS-B demonstration satellite that

was yet to be launched at the time of the paper’s publication.

ADS-B was conceived for ground-based and inter-aircraft monitoring [ADS-B-

Technologies , 2011]. Recent studies have suggested that ADS-B can also be used

87
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to construct 2D electron density maps of the ionosphere. This research sets out

to demonstrate that in addition to the benefits for air traffic safety, ADS-B signals

can be used for the scientific purpose of CIT. The initial dedicated use of ADS-B is

expected to be by air traffic control and for surveillance purposes to enhance pilot

situational awareness (and as a surveillance tool in maintaining the sovereignty of

Canadian airspace). In addition to the operational purpose, this would create a

unique opportunity to obtain scientific data, enabling use as a dual-purpose payload

for ionospheric sounding. Specifically, the opportunity may exist to use the FR of

these signals for LOS estimates of the relative TEC, which could be used as input to

reconstruct images of the ionospheric electron content using CIT techniques.

The topic of ionospheric sounding using ADS-B has not been explored prior to the

work by Cushley [2013]. In fact, prior to Francis et al. [2011] ADS-B receivers had

only been used as part of ground based networks for monitoring aircraft regionally

and space-based ADS-B aircraft monitoring had not yet been proposed. All previous

work involving ADS-B technologies by Tremblay et al. [2009]; Francis [2009]; Francis

et al. [2011]; Castillo et al. [2012]; Van Der Pryt [2014]; Van Der Pryt and Vincent

[2015a,b, 2016]; Vincent and Van Der Pryt [2017]; Freitag [2017] focussed on the

feasibility of the signal for operational communications and not on their potential

scientific uses. At the time that the research for the paper by Cushley and Noël [2014]

was undertaken, a satellite carrying an ADS-B receiver had not yet been launched.

This research sets out to demonstrate the potential of a single payload to not only

improve air traffic management, but also to provide scientific observations of the space

environment.

A space-borne ADS-B receiver was in its infancy with only concept demonstration

satellites such as CanX-7 (launched Sept 2016) to demonstrate that ADS-B signals

would be received at orbital altitudes. Considerations for how these signals could be

used for other purposes such as ionospheric sounding were not taken into consideration

in the satellite design. It was also assumed that since the intended purpose of ADS-B

is to track aircraft, the raw data from the payload may not be available publicly for

some time. In fact, real-time raw data may never be made publicly available due to
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the sensitivity of such information and the risk of signal spoofing.

In the context of information security and network security, a spoofing attack is a

situation in which a person or program successfully impersonates another by falsifying

data, generally to gain an illegitimate advantage [Office of Information Technology ,

2013]. In theory, any signal can be spoofed although some may be more difficult than

others. The consequences for air traffic control receiving spoofed ADS-B signals may

be devastating [Thurber , 2012; Zetter , 2012].

This research was intended to demonstrate that this data may be used and pro-

cessed as a data product, or archival data would be useful if it were to be released in

the future for longer duration climatological study of the Earth’s ionosphere. Ground

testing the instrument cannot be used to image the ionosphere due to the aircraft

and receiver being co-located; they are both below the ionosphere. In this geometry,

measurements of the signal attenuation cannot be taken, let alone the reconstruction

of the IEDs for comparison to other methodologies.

The ADS-B signal/frequency was selected for four main reasons:

• it allows for robust communications for it’s intended purpose of tracking aircraft

yet undergoes measurable perturbation due to the ionosphere;

• the ray spatial sampling density of the ionosphere estimated between multiple

aircraft transmitters and (a single) passive satellite receiver throughout its pass;

• the high transmission rate and global coverage available in order to fill the gaps

in coverage from ground-based instrumentation such as GNSS receivers.

• In addition, the secondary use of ADS-B for scientific studies of the ionosphere

as well as its intended purpose was pursued to support and expedite the launch

of an operational ADS-B equipped satellite constellation.

As it was previously described, as electromagnetic waves propagate from the trans-

mitting aircraft through the ionosphere to passive satellite receiver(s) they are mod-

ified and present an opportunity to characterize and study the ionospheric medium

through which the rays have passed and potentially provide a better understanding
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of magneto-ionic wave propagation. The scientific purpose of this study was to in-

vestigate the potential exploitation of ADS-B operational data and to contribute to

current methods of ionospheric electron density mapping, mainly at high latitudes

and in oceanic regions. While the utility of CIT has been shown using differential

GPS received at ground stations for ionospheric mapping, there exist the same ground

station constraints as ADS-B leaving coverage gaps.

The manuscript describes the ionosphere tomography results using the STEC

simulated data for an ADS-B system. Various features of the signal were analysed

and ray path modelling was performed. The CIT technique presented in the following

manuscript is based on well established techniques, but considering the data source

from ADS-B is new, it is an interesting work that will complement the existing ground-

based GPS and LEO satellite-based GPS ionosphere TEC data.

One of the main differences in the ADS-B scenario is that the transmitters and

receivers positions are inverted. Rather than having a fixed number of satellites being

employed as transmitters and receivers that are constrained to land masses or by ter-

rain and infrastructure requirements, the mobile aircraft transmitters are deployable

anywhere while it is assumed that the constellation of ADS-B equipped satellites pro-

vides full global coverage in order to satisfy the operational requirement of tracking

aircraft globally with seamless coverage. These were coined ‘signals of opportunity’

for the purpose of ionospheric sounding since they serve other operational purposes

such as tracking aircraft. This is believed to be the first proposed inverted model

for CIT, aircraft transmitters (below the ionosphere) and LEO satellite forming a

synthetic detector.

While the GPS model requires ground stations, the ADS-B model is governed by

the operational requirement; the transmitters are installed on aircraft. The significant

difference is that in the ADS-B scenario considerably more aircraft transmitters can

be used than the relatively fixed number of GPS transmitting satellites. In many

regions, air traffic densities in the FOV exceed the total number of GPS satellites.

The constant fast-moving LEO satellite forms a synthetic row of receivers similar to

a synthetic aperture radar (SAR), which creates a more dynamic sampling geometry
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for projections and a more spatially dense basis for CIT.

This work shows that ADS-B signals can potentially alleviate gaps in coverage for

GIMs and air traffic monitoring concurrently. Although these problems may seem

unrelated, even at 9100 m (30 000 feet) ASL, and despite the protection afforded

by the magnetosphere, harmful effects of energetic particle radiation from the Sun

are still a serious concern for aircrew and passengers on trans-polar flights. Airlines

often alter flight plans to longer, less efficient and more costly routes away from

the magnetic pole, sometimes when an aircraft is already in flight [CSEW6 steering

committee, 2009]. In both instances, the solution is to use a space-based rather than a

ground-based array of sensors because they are less constrained in terms of achieving

global coverage.

Using aircraft, the models extend easily to all regions of the globe including polar

and mid-oceanic regions where ground stations are difficult to install, and where data

is otherwise unavailable. This model will reduce the ground dependence and data

collection is essentially redundant from the operational purpose of flight safety, for

CIT. The elimination of ground stations yields a more economically feasible model for

CIT, also permitting output to be produced over dynamic geometry, with a particular

potential of complementing measurements by other techniques.

As described in subsection 3.4.3, in addition to supplementing GIMs of the VTEC,

the raw STEC data collected by ADS-B can be used the same way GNSS station

STEC data is also used to produce 2D electron density maps of the ionosphere using

CIT. The STEC measurements, or the sum of the electron content along the ray

paths from transmitting aircraft to the passive satellite receivers, were inverted and

reconstructed to acquire a 2D ne-profile along a slice of longitude.

The FR was modelled using a modified version of the University of Saskatchewan’s

enhanced Polar Outflow Probe (ePOP) satellite’s HF (3-30MHz) Radio Receiver In-

strument (RRI) detection model that was originally developed for the SuperDARN

radars. The ray tracing program was used to determine the characteristics of the

EM-wave, including the wave path and the full polarization state at the satellite re-

ceiver [Gillies , 2006]. This methodology was extended for characterization of UHF
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(1090 MHz) radio waves.

The paper shows that ADS-B data can be used to reconstruct two-dimensional

electron density maps of the ionosphere using techniques from computerized tomog-

raphy. The modelled Faraday rotation is determined and converted to TEC along

the ray-paths. The resulting TEC is input for CIT algorithm ART based on using

Eqn. 3.1. This study concentrated on mesoscale structures 100–1000 km in horizontal

extent.

This chapter outlines the study that was undertaken, and describes the experi-

mental procedures that were used to obtain the solution to the CIT problem, using

ADS-B data for global TEC measurement, and ne-profile reconstruction from the

first air-space system. Although this method can extend to other regions, current

work was guided by a demonstrator satellite design, and mission of data collection

only over the Hudson Bay AOI. The required input parameters for reconstruction,

method, procedures of the ADS-B CIT reconstruction experiment are discussed.

The minimum number of aircraft, which spanned the reconstruction expanse

(∼25◦) for the Hudson bay AOI was chosen to be 5 in Cushley [2013]. Additional

correspondence with Nav Canada confirmed that the air-traffic density in the Hudson

Bay AOI is 25 aircraft on average at a given time [Burridge, 2009].

To facilitate the investigation into the feasibility of using ADS-B signals for CIT,

the following assumptions were made:

• A proper antenna can be carried by a satellite in an appropriate orbit. In other

words, it was assumed the ADS-B receiver is already in space, and the satellite

orbit is LOS to the transmitting aircraft.

• Quasi-static ionospheric structures of dimensions ranging from tens to thou-

sands of kilometres will not vary significantly over the time over which data is

collected by GPS radio tomography stations [Yizengaw et al., 2004; Andreeva

et al., 2001]. For a single LEO satellite LOS time to observers on the ground is

much less than GPS so the structures are relatively stationary.

• Characteristic air traffic density was assumed to be that for the Hudson Bay
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AOI.

• The number of transmitters can be increased. Although GPS ground stations

are low cost, aircraft can be deployed in formation flight much easier than

ground stations set-up due to terrestrial obstacles, lack of infrastructure, or

lack of a stable platform (oceanic regions).

• Feasibility of ADS-B CIT in 2D should be indicative of whether feasibility in

3D should be investigated further.

4.3 Published Paper

The analysis and modelling of synthetic ADS-B data using 25 aircraft as ADS-B

transmitters and one satellite at the altitude of 1000 km as ADS-B receiver discussed

in this chapter was published in Radio Science in 2014. Presented immediately below

is the paper in the journal format reproduced by permission of American Geophysical

Union:

• Cushley, A. C., and J.-M. Noël, Ionospheric tomography using ADS-B signals,

Radio Sci., 49, doi:10.1002/2013RS005354, 2014. Copyright 2014 American

Geophysical Union.
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Abstract Numerical modeling has demonstrated that Automatic Dependent Surveillance Broadcast
(ADS-B) signals can be used to reconstruct two-dimensional (2-D) electron density maps of the ionosphere
using techniques for computerized tomography. Ray tracing techniques were used to determine the
characteristics of individual waves, including the wave path and the state of polarization at the satellite
receiver. The modeled Faraday rotation was computed and converted to total electron content (TEC) along
the raypaths. The resulting TEC was used as input for computerized ionospheric tomography (CIT) using
algebraic reconstruction technique. This study concentrated on reconstructing mesoscale structures
25–100 km in horizontal extent. The primary scientific interest of this study was to show that ADS-B signals
can be used as a new source of data for CIT to image the ionosphere and to obtain a better understanding
of magneto-ionic wave propagation.

1. Introduction

Automatic Dependent Surveillance Broadcast (ADS-B) is a technology developed to track the position and
movement of aircraft through intermittent broadcasts of their identity, itinerary, and position state vec-
tors to ground-based receivers and other aircraft within range. The system is intended to replace radar as
the standard for air traffic control by providing an enhanced ranging and separation distinction capabil-
ity with a reduced footprint for ground support infrastructure [Marsh, 2006; Brown and Hendricks, 2011;
ADS-B-Technologies, 2011].

ADS-B networks that monitor air traffic have already been deployed around the world in high-volume air
traffic areas; however, ground stations cannot be installed mid-ocean and are difficult to maintain in the
Arctic. The lack of coverage over oceanic and high-latitude airspace has hampered further development.
Francis et al. [2011] have suggested that ADS-B receivers could be deployed on a constellation of satellites to
allow for worldwide tracking of aircraft, alleviating this problem.

CanX-7 [University of Toronto Institute for Aerospace Studies Space Flight Laboratory, 2014], an ADS-B capable
nanosatellite has been assembled, integrated, and tested to validate this idea, but a launch has yet to be
brokered. CanX-7 is a demonstration mission that will use a lightweight, deployable drag sail to achieve the
deorbit requirements of the Inter-Agency Space Debris Coordination Committee. Prior to deploying its four
drag sails, CanX-7 will be among the first satellites in the world to evaluate the use of an ADS-B receiver in
space [Shmuel et al., 2012; University of Toronto Institute for Aerospace Studies Space Flight Laboratory, 2014].

The launch of an ADS-B receiver on a satellite will create a unique opportunity to study the propagation
of 1090 MHz radio waves through the ionosphere from the transmitting aircraft to the passive
satellite receiver(s).

The 1090 MHz ADS-B signal was selected for research conducted in space mission analysis and design at the
Royal Military College of Canada (RMCC) due to its global adoption as the standard mode of ADS-B, espe-
cially for larger aircraft [Tremblay et al., 2009]. Moreover, for this study, the ADS-B signal was selected for
several other reasons: the ADS-B frequency allows for robust operational communications and measurable
perturbation due to ionospheric effects, the spatially dense data set estimated by the geometry between
multiple transmitting aircraft and the passive satellite receiver(s), and to support and expedite the launch of
an operational ADS-B constellation.

When electromagnetic (EM) waves propagate through the electrically charged ionosphere in the near-Earth
space environment, they are modulated and can provide an exceptional opportunity to model the medium
through which they have passed. Modeling the electron density of Earth’s ionosphere (and plasmasphere),
in general, is essential in determining the state of ionospheric activity. This information can be used to

CUSHLEY AND NOËL ©2014. American Geophysical Union. All Rights Reserved. 1
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correct for propagation delays in satellite communications, predicting space weather, as well as ionospheric
disturbances due to geomagnetic storms and solar flares [Jin et al., 2006].

This work sets out to demonstrate the potential dual purpose of a single payload for improving air traffic
management as well as scientific observation of the ionosphere. The topic of ionospheric modeling using
ADS-B has not been explored prior to this work [Cushley, 2013]. All previous work surrounding ADS-B tech-
nologies by Tremblay et al. [2009], Francis [2011], Francis et al. [2011], Castillo et al. [2012], and VanDerPryt
[2014] have focussed on the feasibility of the signal for operational communications and not on their poten-
tial scientific benefits. The scientific purpose of this study is to investigate the potential exploitation of ADS-B
operational data and to contribute to current methods of ionospheric electron density mapping, mainly at
high latitudes and in oceanic regions.

The primary benefit of using ADS-B is to improve flight safety and efficiency by providing timely,
cost-effective wide-area surveillance. Since the full potential of the scientific model presented in this study
cannot be realized until a constellation of ADS-B receivers are in orbit, an impending objective is to support
the immediate use of ADS-B air traffic control from space.

In order to characterize the ionospheric electron content under different aircraft placement scenarios, ray-
path geometries, geomagnetic, and solar conditions, the current study combines knowledge that can be
extracted from EM wave propagation theory and ionospheric electron density and geomagnetic models
to produce independent static data of the wave path and polarization state that will be received at the
satellite receiver.

2. Theory
2.1. Faraday Rotation
The ionosphere is assumed to be a circular birefringent medium due to the Earth’s magnetic field [Hartmann
and Leitinger, 1984; Orfanidis, 2008]. Any EM wave propagating through a magnetized plasma decomposes
into two propagation modes which have different indices of refraction and polarizations due to the terres-
trial magnetic field. Two modes of propagation, called the ordinary and extraordinary modes or O mode and
X mode, respectively, exist in the ionosphere [Chen, 1984]. When collisions between neutral and charged
particles are neglected, the refractive indices of the two modes are given by the Appleton-Hartree equation
[Hartree, 1929; Appleton and Builder, 1933]:

n2 = 1 − X

1 − Y2 sin2 𝜃

2(1−X)
±
√

Y4 sin4 𝜃

4(1−X)2
+ Y2 cos2 𝜃

(1)

where 𝜃 is the aspect angle of the wave, X and Y are the ratios of the plasma frequency 𝜔p, and gyrofre-
quency 𝜔c to the radio wave frequency 𝜔 respectively [Schunk and Nagy, 2000], namely,

X =
(
𝜔p

𝜔

)2

, Y =
𝜔c

𝜔
(2)

The plasma frequency describes the oscillation of the electron density for a cold neutral plasma. If thermal
motion is neglected and electrons are displaced with respect to the relatively heavy ions, the Coulomb force
acts as a restoring force.

The refractive index for the two modes is determined by the positive (O mode) and negative (X mode) sign
of the denominator in equation (1). Since the two modes have different refractive indices, the phase veloc-
ities (v𝜙) are different for each mode of propagation [Budden, 1961; Chen, 1984]. The resulting imbalance
between the phase velocities produces a change in the orientation angle of the polarization ellipse [Budden,
1961; Canada Centre for Remote Sensing, 2007], which is known as Faraday rotation.

Examining the cases when propagation of the wave is parallel or antiparallel to the external magnetic field
(i.e., the aspect angle 𝜃 = 0◦ or 𝜃 = 180◦), the index of refraction for each mode is given by [Chen, 1984]

n2 = c2

v2
𝜙(O)

= 1 −
𝜔2

p∕𝜔
2

1 + 𝜔c∕𝜔
(O mode) (3)
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Figure 1. Faraday rotation increases as a function of TEC and decreases
as a function of frequency. The solid vertical black line indicates the
1.090 GHz ADS-B frequency. The dashed horizontal black line denotes a
full 2π rotation of the Faraday rotation. This is the point at which there
is a 2π ambiguity in the measurement of the Faraday rotation.

n2 = c2

v2
𝜙(X)

= 1−
𝜔2

p∕𝜔
2

1 − 𝜔c∕𝜔
(X mode) (4)

where c is the speed of light in a vacuum.

The magnitude of the rotation is propor-
tional to the integrated product of the
electron density, ne(l), along the raypath
or plasma column and the strength of
the parallel component of the magnetic
field bz(l) and inversely proportional to
the square of the frequency as follows
[Gurnett and Bhattacharjee, 2005]

Ω ≃ 1
2c

e3

𝜖om2
e

1
𝜔2 ∫

l

0
nebz dl (5)

where the Faraday rotation, Ω is in radi-
ans, c = 3 × 108 m/s is the speed of
light, e = 1.602 × 10−19C is the ele-
mentary charge, me = 9.109 × 10−31 kg
is the mass of an electron, and 𝜖0 =
8.854 × 10−12 C2/N

.
m2 is the vacuum

permittivity. The magnetic field bz is
in nanotesla.

In the absence of a magnetic field, 𝜔c = 0 and there is only one refractive index. As a result, there is no
separation of the modes and there is no difference in the rate of change in the polarization angle, and hence,
Faraday rotation does not occur Chen [1984].

The total electron content (TEC) along the path or within the plasma column of unit cross section is
defined by

TEC = ∫
l

0
ne dl (6)

where TEC is the integrated electron density ne along the path length l.

Using the ADS-B wavelength in equation (5), the Faraday rotation can be written as,

Ω = 1.974 × 1014∫
l

0
nebz dl. (7)

Ω = 1.974 × 1014BavgTEC. (8)

where Bavg is the average z component of the magnetic field of the satellite. In equation (7) the vertical com-
ponent bz was assumed to be a constant value Bavg. The TEC values are computed using equation (8) for the
modeled Faraday rotation. The average magnetic field Bavg was computed using the International Geomag-
netic Reference Field model data [International Association of Geomagnetism and Aeronomy, Working Group
V-MOD et al., 2010]. The TEC values and ray endpoints are used as the input to computerized ionospheric
tomography (CIT) in order to reconstruct the resulting electron density maps.

In Figure 1 we show plots of equation (5) for given values of TEC ranging from 1 TEC unit (1 TECU =
1016 el m−2) to 1000 TECU as a function of frequency. Although TEC is highly variable, typically, the daily
global maximum TEC is found to range between 80 and 200 TECU over equatorial regions at solar maxi-
mum conditions [Wahi et al., 2005; Zhao et al., 2009; NASA Jet Propulsion Laboratory California Institute of
Technology, 2014] and generally decreases with latitude [Soicher and Gorman, 2012]. We remind the reader
that if the intended use of ADS-B is robust operational communications in support of air traffic safety and
that if signal modulation and degradation are generally undesirable, the ADS-B frequency is a very unique
selection. A signal having a lower frequency would undergo a greater amount of Faraday rotation yielding
better data for CIT but could become unusable or infeasible due to volume, power, and mass considerations
for communications between aircraft and satellites due to the requirement of higher-gain transmitters
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Table 1. Faraday Rotation as a TEC Observable; a
Comparison of the Expected Faraday Rotation From
Equation (5) for ADS-B and GPS L1 and L2

Faraday Rotation
(deg)

TEC (1 TECU = 1016 m−2) ADS-B GPS L1 GPS L2

1 0.6 0.3 0.5
5 3.1 1.5 2.4
10 6.1 3.0 4.8
20 12.2 6.0 9.6
40 24.4 12.0 19.1
100 61.1 30.0 47.8
200 122.2 59.9 95.6

and/or larger antennas. A signal with a much
higher frequency would propagate through the
medium relatively unaffected and therefore would
be suitable for communications, but the Faraday
rotation may not be detectable and could not
be amenable for this type of study. It is evident
from Figure 1 that the amount of Faraday rota-
tion expected for the ADS-B transmission even for
unrealistically high values of TEC is clearly less than
2π radians. Therefore, we would not expect a 2π
ambiguity for the ADS-B operating frequency.

Table 1 shows a comparison of the Faraday rota-
tion estimates for ADS-B and GPS L1 and L2 bands.
From a variety of literature sources, for example,
global ionosphere TEC maps can be obtained

from NASA Jet Propulsion Laboratory California Institute of Technology [2014], characteristic TEC values
were selected and a calculation performed to compare the degree of rotation expected for each. Using
equation (5) and the TEC values shown in Table 1, the Faraday rotation was determined for both GPS L1
and L2 bands as well as ADS-B. The magnetic field used was 55,639.51 nT for ADS-B at 1000 km altitude and
55555.55 nT for GPS at 20,200 km respectively. The wavelengths used were 0.27 m for ADS-B and 0.19 m and
0.24 m for GPS L1 and L2 respectively. The first column of Table 1 shows the TEC values used in equation (8).
The second column shows the amount of Faraday rotation computed for the ADS-B frequency for each of
the TEC values. The second and third columns show the amount of Faraday rotation computed for the GPS
L1 and L2 bands, respectively.

Most notable in Table 1 is the comparison of the Faraday rotation between ADS-B and GPS. For a given TEC
value the Faraday rotation will be greatest or have more variation as a TEC observable for the ADS-B carrier
frequency than for either GPS carrier.

2.2. Ray Tracing
An EM wave ray tracing model developed by Gillies et al. [2007] was used to generate simulated ADS-B data
to determine the wave path and the polarization state received at the satellite. The ray trace program, based
on the ray formalism developed by Haselgrove [1963], uses equation (5) to determine the indices of refrac-
tion of a radio wave in a magneto-ionic medium used in the ray tracing equations. This model provides
the group velocity and rate of change of the wave vector direction. Inputs to the ray trace program include
the initial wave vector direction, the wave frequency, and a set of propagation conditions such as the mag-
netic field vector and an electron density profile for the ionosphere. The program computes the path of the
wave for a given frequency that both the O mode and X mode takes from the fixed initial position of the
transmitter to a specified position of the satellite carrying the receiver.

The initial polarization orientation of the wave leaving the aircraft must be known. For the current pur-
pose of this work all waves were assumed to be vertically plane polarized [Radio Technical Commission for
Aeronautics, 2003; Haque et al., 2013]. In reality, the initial polarization of the wave may be different but
would be constant for any given aircraft. While aircraft orientation (banking and climbing) also affects the
orientation of the transmitted signal, that information is part of the ADS-B packet, and the initial orienta-
tion of the polarization can be determined. For the purpose of tomography the initial orientation does not
necessarily need to be known since the rate of rotation over consecutive epochs (between aircraft-satellite
pairs) rather than the absolute value can be used [Klobuchar and Liu, 1989]. In the worst case scenario (iter-
ation of the existing aircraft and satellite hardware) a reference beacon may be considered to use the dual
frequency method used often in GPS CIT to obtain the TEC [Choi et al., 2006; Max van de Kamp, 2012].

The ray trace program was used to generate TEC outputs from rays that passed from given locations,
at a given elevation angle through a 2-D electron density profile to a specified satellite location [Gillies,
2006, 2010; Gillies et al., 2007]. An example of the raypath density for a subset of the modeled raypaths
is shown in Figure 2. This example shows one tenth of the possible raypaths transmitted from three air-
craft transmitters to a single-satellite receiver throughout its pass. The aircraft are located at 70◦, 73◦, and
81◦ of geographic latitude and 11 km altitude while the satellite orbit is at 1000 km altitude. The rays
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Figure 2. Plot of the raypath density for a subset of the modeled
ray data. We present this example to show the apparatus with one
tenth of the possible raypaths for 3 min duration using three aircraft
transmitters to a single satellite throughout its pass.

originate from sea level (0 km), but the elec-
tron densities below 60 km were zero and
did not contribute to the modeled values of
Faraday rotation.

The model was used to show that the Fara-
day rotation of the signals received by the
satellite should be detectable. Previous work
by Yueh [1999] has shown that Faraday rota-
tion can be used to obtain the TEC along
the paths. The computed TEC and raypath
geometry are then used to reconstruct the
electron density profile that the EM waves
propagated through.

In Figure 3 (left) we show an electron
density profile generated using the Inter-
national Reference Ionosphere (IRI) [Bilitza,
2007; Bilitza et al., 2011] that was used
to produce the uniform standard quiet
background electron density map shown
in Figure 3 (right). This uniform electron
density map was used to superimpose
all the modeled density enhancements
to create 2-D electron density maps to
pass rays. These new maps were used as

input to the model to simulate a ray leaving from an aircraft, passing through the enhancement, and
finally, being received by the satellite. Measuring (or modeling in this case) the polarization angle of the
received wave and knowing the initial polarization of the wave, the Faraday rotation for the raypath can
be calculated.

2.3. Reconstruction
In mathematical models of physical phenomena, a problem is said to be well posed if it satisfies three
conditions: the solution exists, the solution is unique, and the behavior of the solution does not change dra-
matically when a small change in the initial conditions is introduced. Otherwise, the problem is said to be

Figure 3. (left) Initial electron density profile for geomagnetically quiet conditions. (right) A contour plot of the initial
electron number densities prior to the addition of the enhancement.
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ill posed [Hadamard, 1902]. Examples of ill-posed problems are inversion problems such as the inverse heat
problem or computerized tomography.

Since Austen et al. [1986] proposed the possibility of satellite radio tomography, also known as CIT, the
study of detailed features of the ionosphere and plasmasphere have become possible by means of tomo-
graphic reconstruction. In applications such as CIT, for noisy, or incomplete data sets, using pixel-based
methods has been shown to have advantages [Tessa et al., 2007]. Each pixel represents a region of space
in the ionosphere. The intensity of the pixel is the average value of the measured physical property, gener-
ally, the amount of attenuation, or in the case of this study the Faraday rotation which is proportional to the
electron density. The most commonly used pixel-based method of CIT is the algebraic reconstruction tech-
nique (ART). ART forms the basis of most of the other pixel-based methods, e.g., Simultaneous Algebraic
Reconstruction Technique and Simultaneous Iterative Reconstruction Technique [Tessa et al., 2007]. The ART
algorithm can be implemented using the following equation [Choi et al., 2006].

Nk+1
e = Nk

e + 𝜆k

STECi −
𝜌∑

j=1
dijn

k
ej

𝜌∑
j=1

dijdij

Di (9)

where j is the pixel number, k is the iteration number, 𝜆k is a relaxation parameter, Nk
e is a vector of the

ionosphere electron densities
(

nk
ej

)
for the kth iteration, Nk+1

e is a vector of the modified values of the elec-

tron densities
(

nk+1
ej

)
for the next kth + 1 iteration. The vector STECi contains the TEC measurements

taken over various elevation angles and slant ranges. The STECi contribution to pixel j from ray i in the
matrix D is dij . The ith row of D is Di , and 𝜌 is the total number of pixels in the reconstruction grid. The
matrix D relates the ray data to the pixels in the reconstruction grid; there is a row for each ray, and col-
umn for each pixel in the reconstruction grid (100 × 100). We will discuss the logical matrix D in more
detail below.

The ART method is affected by numerical uncertainties that are introduced by inconsistencies in the system
of equations. It is possible to reduce the effect of the uncertainties by using a relaxation parameter 𝜆k . The
relaxation parameter maintains the stability of the numerical method and was chosen to be constant for
each iteration. The value for 𝜆k is confined between 0 < 𝜆k < 2. An in-depth study of the effect of 𝜆k on
the reconstructions was not performed in this work, and the relaxation parameter was not optimized. After
considering the literature sources for GPS CIT using ART, a value of 𝜆k =0.005 was used for all iterations [Choi
et al., 2006].

The ART technique converges relatively rapidly and can use an initial guess or a priori estimate to perform
the reconstruction. Although many other methods and algorithms exist ART has been widely used and is
well documented. For this particular investigation on the feasibility of using ADS-B occultation data as an
input to CIT, ART was considered to be a good method for a first-order evaluation.

The ART algorithm is a method by which an ill-posed linear algebraic problem can be solved. The system of
linear equations may be written as

Ax⃗ = p⃗. (10)

where x⃗ is a vector of unknown pixel values , p⃗ is a column vector of measured values, and A is a matrix
in which its rows relate the contribution of each measured value p to the determination of the individual
unknown pixel values x. We note that the Faraday rotation measurements from ADS-B signals, once they
have been converted to slant TEC (STEC), is a system of equations of the same form as equation (10) and can
be written as follows:

STECi = ∫
l

0
Ne(j)dl. (11)

where Ne(j) is a vector of j unknown pixel values and dl is an element of the matrix D, which relates the
contribution of the measured value of STECi to pixel nej .
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Figure 4. ADS-B signal passing through illuminated pixels
(blue) within a portion of the 2-D reconstruction grid (yellow).

We can write the problem in mathematical
form as a system of linear equations for which
the unknown pixel value ne𝜌 must be solved
as follows:

d11ne1 + d12ne2 + d13ne3 +…+ djnej = STEC1

d21ne1 + d22ne2 + d23ne3 +…+ d2jnej = STEC2

d31ne1 + d32ne2 + d33ne3 +…+ d3jnej = STEC3

⋮

di1ne1 + di2ne2 + di3ne3 +…+ dijnej = STECi

(12)

Equation (12) can be written more compactly
as follows:

STECi =
𝜌∑

j=1

nejdij + Δi (13)

where Δi is the uncertainty associated with pixel
j (due to discretization errors and measurement
noise). The STEC measurement of the raypath can
be represented as a series of finite summations of
shorter integrals along segments of the raypath

length dij ; it is the contribution of ray i to pixel j. For each and every STEC measurement, there is an equation
of the form of equation (13).

The matrix D is often called the geometry matrix or the weight matrix. The simplest form for the geometry
matrix is a logical index with a row depicting each ray and columns for each pixel value in the reconstruc-
tion grid. Each element in D has a value of 1 if the ray contributes to the pixel value and 0 otherwise. Stated
another way, if the ray passes through the pixel, it is assigned a value of 1; otherwise, it is assigned a value of
0. The geometry matrix can be made to be more elaborate based on several other factors such as the length
segment of the ray for each pixel or the relationship of a pixel to its neighboring pixels [Max van de Kamp,
2012], but these elaborations were not considered in this study.

A rectangular grid was selected to represent a 2-D slice of the ionosphere as shown in Figure 4. To represent
the interior structure of the ionosphere, the grid was created by subdividing using a constant Δz = 10 km in
altitude from the Earth’s surface and a constant Δ𝜃l = 0.25◦ in terms of the geographic latitude.

The end points for each ray are available from the GPS positions of the time-tagged ADS-B transmissions,
and the satellite’s onboard GPS receiver. For illustrative purposes, a single ray leaving the transmitter and
assuming a straight line approximation, the pixels in blue would be assigned a value of 1, while those in yel-
low would be assigned a value of 0. For this experiment several different grid sizes (gx × gy) were tested. For
all the results in this paper a grid of 100 × 100 pixels having intervals of 10 km in altitude and 0.25◦ in lati-
tude was selected. When a ray is passed through the grid, it intersects a relatively small subset of the total
pixels available in the grid. The resulting D matrix is very sparse with ∼99% of cells being zero. The result
is that we have a noninvertible problem to solve. The depth of the pixels in the grid gz or the longitudi-
nal extent over which data were simulated and for which the 2-D reconstruction was representative of the
electron density was chosen to be 1◦ (i.e., the electron density was assumed to be uniform over a 1◦ slice
of longitude).

Each pixel j has intensity nej (an element of Ne, calculated using equation (9)), representative of the rela-
tive electron density in a volume over which the electron density is assumed to be constant. The value of
each pixel represents the incremental electron density along the raypath which contributes to the total
amount of Faraday rotation at the receiver. Since the electron densities are not measured directly, the pro-
jections of the total Faraday rotation along each path can only determine the electron density relative to
the other pixels. The index j is the pixel number used in the reconstruction grid, where 1≤ j ≤ 𝜌 ∼ 104. It
is also the number of terms in equation (13). The index 𝜌 is the total number of pixels that are used in the
reconstruction grid where 𝜌= gx ⋅ gy = 10, 000.
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Figure 5. Single feature electron density profile; scaling factor = 5.0,
full width (in latitudinal extent) at half maximum = 0.25◦, vertical extent
= 50 km, latitude = 65.5◦, and altitude = 225 km.

Rather than working with a large sys-
tem of equations, the matrix notation is
used where we define

STECi×1 = Di×j × Ne j×1 + Ei×1 (14)

where STEC, E, and Ne are column
vectors of i measurements of STEC, i
associated error values, and j unknown
pixel values nej , respectively. Di×j is the
geometry matrix, with dij equal to 1
if ray i passes through pixel j and 0
otherwise as shown in Figure 4.

Although the region can be rep-
resented as a system of linear
equations, essentially, i equations with
j unknowns, with nej=10,000 values to
solve, this is considered to be an under-
determined ill-posed problem. The
STEC is the known modeled or mea-

sured quantity while D is computed from the time-tagged aircraft and satellite state vectors. Both can be
obtained from a GPS receiver on board the ADS-B equipped satellite.

The ART inversion algorithm was used to determine the unknown pixel intensity nej . Using a successive itera-
tion approach, the pixel intensities are modified to allow the projection through the pixels (DNe) to approach
the measured projection (STEC).

The effect of the curvature of the Earth was taken into account in the ray tracing program by calculating the
elevation as a function of range-to-target height integrated through the input electron density and geo-
magnetic model. This was shown to be computationally intensive; so for the purposes of our reconstructions
of the rays, a line-of-sight approximation was used. This means that we neglected diffraction, bending, or
refraction due to the Earth’s atmosphere, as well as attenuation or absorption of energy by the gases in the
atmosphere. In general, only the aircraft and satellite positions and Faraday rotation measurements, from
which the STEC values are computed, will be available.

3. Results

The satellite (nominally at an altitude of 1000 km and in a Sun-synchronous circular orbit) was simulated
using a commercial software called Systems Tool Kit (STK). STK was used to calculate the line-of-sight access
time, which determines the CIT data integration time and temporal resolution of the reconstructions. The
temporal resolution was determined to be between 3 and 4 min for different satellite passes. The worst case
scenario of 3.005 min (182.3 s) was used in all of the reconstructions in this paper.

We assumed that the ionosphere remained constant for the 3–4 min duration of the satellite pass with
mutual coverage to all aircraft used. This time of mutual visibility and the average interval between ADS-B
signal transmissions (which are randomly broadcast between 0.4 and 0.6 ms for an average interval of
0.5 ms) determined that the maximum number of rays for each aircraft-satellite pair was 118, with satellite
receiver positions spaced by no less than 0.087◦ in latitude, thereby limiting the number of rays per air-
craft during mutual line-of-sight access. This is analogous to fixing the number of detectors in a computed
tomography (CT) machine to 118 and representing the maximum number of detectors that form the
projections during the satellite pass.

To simulate a realistic scenario, 25 aircraft were distributed over the latitude between 54.63◦ and
79.80◦, unequally spaced resulting in 2950 rays (i.e., 25 aircraft, 118 rays per aircraft-satellite pair) for a
single-satellite pass that was visible to all aircraft from 61.96◦ to 72.14◦ in latitudinal extent. The aircraft were
separated by no less than 50 mi (∼ 80 km or 0.7◦) to represent the best case along-track interaircraft spacing
that is permitted by far-field radar regulations for a single flight level [TransportCanada, 2012].
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Figure 6. (top) Single feature electron density profile shown as rela-
tive weight; scaling factor = 5.0, full width at half maximum = 0.25◦ ,
vertical extent = 50 km, latitude = 65.5◦ , and altitude = 225 km. The
profile was normalized relative to the peak density. (bottom) Raw recon-
structed relative electron density profile of ray trace input above using
TEC measurements and line-of-sight path. Regions where no data for
reconstruction were available are shown in white.

In order to generate the ray data it
took days to weeks. To analyze the ray
data in order to obtain the Faraday
rotation and corresponding STEC val-
ues required an additional 5–10 min.
To perform the reconstructions in this
study on a standard workstation, the
elapsed time was generally between
18.5 and 18.8 s. The time-limiting task
in this paper was producing the ray
data, but with satellite measurements
the reconstructions will be limited by
the data throughput rate of the ADS-B
equipped satellite.

3.1. Scenario I—A Single Ionospheric
Electron Density Enhancement
In Figure 5 we present the electron
density map that was used as an input
for the ray tracing model to simulate
the expected Faraday rotation mea-
surements and their associated TEC
values for each raypath. This map was
created by superimposing a 2-D normal
Gaussian distribution with a specified
scaling factor (the unit scale height of
the peak density of the symmetric sta-
ble distribution), which determined
the statistical dispersion of the quiet
background profile. The maximum of
the density enhancement was located
at a latitude of 65.5◦ and altitude of
250 km, with horizontal and vertical
extent of 0.25◦ and 50 km respectively
(see Figure 5). An altitude of 250 km
was selected for the modeled enhance-
ments since the F region (above
150 km) is present during the day and
night [Hunsucker and Hargreaves, 2003].

Using these modified maps as input to the ray trace program is analogous to using the Shepp-Logan head
Phantom as the input for medical imaging [Shepp and Logan, 1974]. The known input profile was also
used to verify the relative agreement between the final CIT reconstruction and the initial input electron
density map.

Figure 6 (top) shows the relative enhancement of the feature in Figure 5 that was used as input for the
ray trace program. This figure was created by dividing the electron density map shown in Figure 5 by
the background density in Figure 3. We normalized the map in order to get the relative amplitude of the
enhancement and its position.

The reconstruction grid was initialized to zero-value pixels for the background. The normalized relative
densities were reconstructed using only the modeled STEC measurements and the line-of-sight path. The
reconstruction produced by passing rays through the electron density profile in Figure 5 is presented in
Figure 6 (bottom). In this figure we clearly see an enhancement in the reconstructed electron density map
near 65◦ latitude and ∼300 km altitude.

The reconstructed enhancement in Figure 6 (bottom) is located at a higher altitude than the initial enhance-
ment shown in Figure 6 (top). This shift in altitude is due to the constraints in orbital geometry consideration
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Figure 7. Five-feature electron density profile (left to right); latitude =
60.5◦, 63.5◦, 66.4◦, 69.5◦, and 72.5◦; scaling factor = 3.0, 3.0, 5.0, 3.0, and
3.0; full width at half maximum = 0.25◦, 1.0◦ , 1.0◦, 0.25◦, and 0.25◦; ver-
tical extent = 90 km; and altitude = 225 km, 225 km, 250 km, 225 km,
and 225 km.

for a satellite and line-of-sight condi-
tions throughout a satellite pass. It is
not possible to acquire data from all
viewing angles since horizontal path
measurements are not possible (the
satellites are always situated above
the aircraft). As a result, there exists
a predominantly vertical ray geome-
try between aircraft within the field
of view of the satellite, which may
have biased the reconstruction in
terms of the altitude distribution of
the reconstruction.

In addition, the number of paths and
number of intersecting paths, espe-
cially at lower altitudes, are quite
limited when compared to medi-
cal CT imaging machines. The white
regions on either side of Figure 6 (bot-
tom) and the triangles that are formed
between aircraft at low altitudes are

zero-value pixels. These are regions where no rays have passed and as a result; no data are available for
the reconstruction to be performed. It is important to note that the electron density is not actually zero in
these regions.

The horizontal position of the reconstructed enhancement is much better. Although the reconstructed map
shown in Figure 6 (bottom) is not a perfect representation of the input electron density map used as input
(Figure 6, top), a feature is clearly discernible near the region where the enhancement was located in the
initial profile. This shows that there is good relative agreement between the input and the reconstruction
considering the relatively few number of rays that were used in the reconstruction. As a reference, the num-
ber of rays that are used in GPS CIT is typically much larger. For GPS CIT there are on the order of ∼4000 to
∼ 2 × 105 rays [Choi et al., 2006]. For this study, using ADS-B ray geometry a maximum of 2950 rays were
used for 25 aircraft. At a minimum, this result demonstrates that ADS-B data could be a useful tool to high-
light areas of interest where enhancements in the electron density above the nominal background is most
probable to occur.

3.2. Scenario II—Multiple Ionospheric Electron Density Enhancements
In reality, for an active ionosphere, electron density enhancements may not occur as single features orders
of magnitude greater than the entire background. Enhancements are complex structures of different scale
sizes and magnitudes (peak density). In fact, a particular layer or the entire background may be enhanced
uniformly in which case many small-scale features (smaller than the resolution of current measurement
techniques) may appear as a large single enhancement. To evaluate the capability of CIT from ADS-B signals
to differentiate multiple features within the same reconstruction space, an input electron density map was
created containing five small-scale enhancements.

In Figure 7 we show the input electron density profile that was used for a five-feature enhancement. It was
created using the same quiet background electron density profile shown in Figure 3 and clearly shows five
different enhancements of the same vertical extent, varying in peak densities, horizontal extent, and lati-
tude. Figure 8 (top) shows the relative enhancement of the feature in Figure 7 that was used as input for the
ray trace program in this scenario.

As we did in the previous scenario we used 25 aircraft with 2950 rays and modeled TEC measurements. The
objective of analyzing such a data set was to determine the extent of tailing and whether multiple features
merge and appear as one larger feature in the reconstruction, indicating that the enhancements that are in
close proximity to one another cannot be resolved using this technique.
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Figure 8. (top) Multiple feature electron density profile (see Figure 7)
shown as relative weight. (bottom) Reconstructed relative electron den-
sity profiles of ray trace input (Figure 7, top) using TEC measurements
and line-of-sight path.

We proceeded as in the first scenario
where the reconstruction was per-
formed using only the raypath end
points and the integrated TEC mea-
surements. The reconstructed relative
density map is presented in Figure 8
(bottom). The time required to perform
this reconstruction was 18.733669 s.
The reconstruction was not a perfect
representation of the input electron
density map (see Figure 7), but it
did agree reasonably well in terms
of the relative densities as well as
their locations.

Five features are clearly evident in the
reconstruction. However, the enhance-
ment at 60.5◦ and 63.5◦ latitude appear
to be elongated in altitude. Addition-
ally, the enhancement at 60.5◦ appears
to be double peaked with one peak
at ∼ 57.5◦,150 km and the other at
∼ 59.0◦, 350 km. The differences in
enhancement positions, as well as the
double peak feature may be explained
by the fact that the sampling geometry
is asymmetrical. The twin peak arises
from the rays that are associated with
the two planes at the lowest latitudes,
namely, 55.5◦ and 58.0◦, respectively.
The only rays which passed through
the enhancement at 60.5◦ came from
the three aircraft at ∼ 55.5◦, ∼ 58◦,
and ∼ 59.5◦. These three aircraft trans-
mitted all rays to receiver positions
that were at a greater geographic lati-

tude than their respective positions. The problem occurs because there are not any aircraft which transmit
rays through the enhancement vertically or toward lower latitudes. As a result, the feature appears to be
stretched across the reconstruction region toward lower latitudes and the location was heavily weighed
toward the latitude where the rays originated from.

3.3. Discussion
In this work, the structures detected were localized boundary blobs of different magnitudes (3 to 5 times
the background density). The accuracy of the CIT technique deteriorated above regions where there was
an absence of receivers. This occurred due to a lack of vertical rays to provide information about the pix-
els below the lowest ray intersection from neighboring receivers. The reconstruction can be improved
by increasing the aircraft density since the number of rays and intersections in a reconstruction having a
specified grid size also increases proportional to the number of transmitting aircraft.

Another parameter that can be modified to improve the reconstruction is the grid size. The grid size selec-
tion was based on trial and error. In order to perform a reasonable reconstruction, the grid size has to be
large enough so that it does not require days for the ray tracing program to complete its simulations or that
the computer does not run out of access memory. A grid size that maximizes the number of intersections
and that reduces the sparsity of the geometry matrix gave the best result for the reconstructions [Cushley,
2013]. It was found that a grid size of 100 by 100 gave a good resolution and was used in our two scenarios.
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For this paper, we assumed that the air traffic density was constant. In other words, the number of aircraft
in the field of view of the satellite was held constant. In reality, in situ data will have a large variation in how
aircraft are distributed in the airspace that might require sophisticated algorithms that would bin the global
data in time and into slices of longitude with sufficient ray sampling density to perform the inversion.

The algorithm may also involve adaptive grid selection with the associated data binning. As the numbers
of aircraft change so will the number of raypaths and STEC values that will be measured. As a result of
the increase in raypaths and STEC measurements, the number of algebraic equation that must be solved
for, simultaneously, also increases. The grid size or, equivalently, the total number of pixels should be
selected in such a way as to control the extent to which the ill-posed problem is either overdetermined
or underdetermined.

In this study, we fixed the latitudinal expanse. It was found that reconstructions were improved with an
increase in the expanse of the reconstruction region where sufficient data existed. This was particularly the
case when the density enhancement was only partially located within the region of the reconstruction.
When a fixed grid size is used and the latitudinal expanse changes, the grid resolution must change as a
result. It was found that in order for a structure to be resolved in the reconstruction, the scale size of the ini-
tial structure must be larger than the grid resolution but smaller than the total size of the reconstruction
region. If the horizontal size of the enhancement was larger than the reconstruction region, there would be
little to no gradient to discriminate features from the measurements. Features that result in steep gradients
and variations in STEC measurements produced the best results [Muella et al., 2011]. Gradients are of utmost
importance in images of any kind [Elachi and van Zyl, 2006].

Other aspects that can affect the reconstruction include the following: the frequency of the EM wave
selected, adverse propagation effects (e.g., refraction at low elevations and velocity bunching), the geome-
try of satellite relative to both the ionospheric feature and aircraft, the enhancement scale size, the satellite
pointing accuracy, additional measurement interference (e.g., phase, Faraday rotation, and TEC) intro-
duced to reconstruction caused by the relative motion between the aircraft and the satellite as well as,
measurement noise from the receiver to name a few. By using several satellite receivers, the time interval
required to collect a given number of raypaths can be reduced. Alternatively, if the time interval remains
constant, using more receivers would imply a greater number of raypaths could be collected to be used in
the reconstruction.

4. Summary and Conclusions

The main objective of this work was to investigate the capability of reconstructing 2-D ionospheric electron
density structures using the Faraday rotation of modeled ADS-B signals. The work concentrated on model-
ing the effects of the ionosphere on ADS-B signals traveling through electron density enhancements that
were localized in space.

To this end, using a ray tracing program, we modeled vertically polarized waves that originated from
ADS-B transmitters on aircraft and computed the expected Faraday rotation that an orbiting satellite would
observe. The Faraday rotation was used to infer the STEC along the raypath. Using only the raypath and
the inferred STEC values as input, the ART algorithm was used to reconstruct the 2-D ionospheric electron
density map.

In order to simulate a realistic situation we used 25 ADS-B equipped aircraft as our transmitters and a single
satellite acting as our receiver. Each aircraft produced 118 rays for a total of 2950 rays crossing the iono-
sphere from 54.63◦ to 79.80◦ in latitude. To test the feasibility of using ADS-B for CIT, we modeled two
different scenarios.

The first scenario involved using a uniform electron density map containing a single localized electron den-
sity enhancement as the input for the ray tracing program. We showed that a localized enhancement in
electron density can be reconstructed using the raypaths and their associated STEC. We observed that the
reconstructed feature was elongated in vertical extent but that its latitudinal position agreed quite well with
the original input structure.

Although it may not be apparent from the reconstruction, rays from the right side do not intersect the
enhancement due to the curvature of the Earth. We noted that the reconstructed feature was shifted slightly
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to the left (i.e., lower latitude) which we argued is due to the fact that there are fewer raypath traversing the
enhancement from the right side (fewer aircraft situated at higher latitudes) compared to those traversing
from the left (more aircraft at lower latitudes). The imbalance in the number of raypaths may have caused a
slight shift in the reconstructed structures toward the direction of greater aircraft.

Having shown that a single density enhancement could be resolved, we set out to investigate if multiple
enhancements could be resolved using the same technique. Our second scenario involved starting with
a uniform ionosphere and superimposing five density enhancements of varying peak density, altitude,
latitude and horizontal extent, and fixed vertical extent. Similar to the first scenario, we showed that the
reconstructed electron density map agreed reasonably well with the initial map. Once more, the enhance-
ments were slightly shifted to the left. This indicates that a further investigation into the reason for the
systematic shifts needs to be undertaken.

It is apparent that the position and horizontal extent of the enhancement could be determined with a rea-
sonable degree of accuracy from the raw data. However, the predominantly vertical nature of the rays and
the relatively few intersections of rays requires an accurate a priori estimate of the vertical distribution of the
electron density to refine the enhancement in terms of the peak altitude and its vertical extent. In addition,
rays cannot be horizontal or at very low elevation angles due to the assumed satellite orbital geometry and
the line-of-sight conditions that must exist in order to obtain the measurements. This highlights the addi-
tional challenges that are imposed using CT to image the ionosphere when compared to other applications
of CT (where a precise apparatus is used or constructed to satisfy the requirement of generating equally
spaced data and obtaining a complete data set at the spatial interval or correlation length required).

A sparse data set such as this could reduce the satellite downlink budget in terms of the required size of
the data set especially for an initial concept demonstrator, while providing a useful and more economical
method for prioritizing further observations using other ground-based assets. The reconstructions illus-
trate the feasibility for CIT using ADS-B data to analyze qualitative phenomena over time. This showed that
at a minimum, ADS-B may be a useful tool for indicating the approximate location of features. Generally, a
ground-based campaign can only deploy to a specific location. Therefore, observations are confined, and
many regions such as oceanic and polar regions have been neglected. Reconstructions from an orbital
platform over time can be made for various regions and may indicate areas of interest of most probable
occurrence to prioritize other ground-based instrument campaigns (e.g., incoherent scatter radar).

From this study and a literature review of GPS CIT applications and experimental campaigns, it was deter-
mined that a relevant, accurate vertical profile a priori estimate should be considered for further refinement
of magnitude and altitude distribution of the structures in the reconstruction [Austen et al., 1986; Andreeva
et al., 2001; Liu and Gao, 2001; Bust et al., 2007; Muella et al., 2011; Max van de Kamp, 2012]. As a result, it is
not unreasonable to expect that ADS-B CIT should incorporate data injection from other sources to be used
as a refinement for the reconstruction as well as for comparison.

Although IRI is questionable at 60◦N [Schunk et al., 1994; Rawer, 1995], it could be used to provide some
estimate of the electron density profile as a priori guess or initialization of the reconstruction grid rather
than setting the values to zero for all pixels. If this background were obtained from another instrument in
real time rather than empirical models the reconstruction would be a more realistic representation of the
current state of the ionospheric electron density.

Once more, we remind the reader that reasonable agreement between the input and the reconstructions
were obtained from the raw ADS-B data, without an a priori guess. These results clearly demonstrate the
feasibility of using CIT from ADS-B data, especially considering the relatively few number of rays that were
used to perform the reconstruction. For this study, using ADS-B ray geometry a maximum of 2950 rays were
used for 25 aircraft. For GPS CIT there are on the order of ∼4000 to ∼ 2 × 105 rays used to perform the
reconstructions [Choi et al., 2006].

In conclusion, the modeled ionospheric electron densities within a given reconstruction region was success-
fully imaged using CIT techniques. The data used for image reconstruction were simulated using theoretical
modeling under different geometric, geomagnetic, and density conditions using ray tracing. The ray trace
output was reconstructed using the ART pixel-based method of CT and compared to the corresponding
input electron density profile to the ray trace.
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From the results of this study, we conclude that CIT with ADS-B data is feasible. Important ionospheric
features of latitudinal scales 25–100 km can be detected in the raw reconstruction. For a meaningful com-
parison of ADS-B with another method such as GPS in situ a priori data from another source would be
required to improve the vertical distribution and to calibrate units.
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Chapter 5

Faraday rotation of Automatic Dependent

Surveillance-Broadcast (ADS-B) signals as a method of

ionospheric characterization

5.1 Overview

The scientific results presented in this chapter are based on the following publication:

• Cushley, A. C., Kabin, K., & Noël, J.-M.. Faraday rotation of Automatic

Dependent Surveillance-Broadcast (ADS-B) signals as a method of ionospheric

characterization. Radio Sci., 52, 2017.

This study examined the use of linearly polarized signals from transmitting aircraft

to receiving spacecraft to measure FR and TEC, thereby creating a wide data base

upon which the distribution of IED can be modelled. Using as a first approximation

vertical propagation at frequencies of 1090 MHz from a transmitter in the ADS-B

system, candidate orbital receivers in LEO spacecraft that are capable of polarization

measurement, and using a 3-parameter Epstein ionospheric density model, FR values

under various circumstances are computed. With the cited existing infrastructure,

this demonstrates encouraging accuracy or precision of the study at mid latitudes.

5.2 The Study

Cushley [2013] and Cushley and Noël [2014] have shown that ADS-B data is useful for

a secondary scientific purpose, other than the intended use for ATC. Not only can the

ADS-B receiver be used to monitor air traffic improving efficiency and safety, it also

is feasible as a dual-purpose payload. The theoretical modelling in Cushley [2013];

Cushley and Noël [2014] has clearly shown the practicality for additional investigation.

The reconstruction results from Cushley and Noël [2014] showed that using only

the TEC output and without a priori estimate, the presence of electron density
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enhancements or depletions were reproduced, and were approximately in the proper

locations in terms of latitude. They were used to demonstrate the viability of ADS-B

CIT to highlight localized regions of electron density structures. It was found that by

using a quiet a priori guess for initialization of the reconstructed image, the features

became clearly defined. Overall, the reconstructions showed that the structures were

better localized in terms of latitude than in terms of altitude.

This was attributed to the predominantly vertical ray geometry between aircraft

within the FOV of the LEO satellite, and the short data collection duration which

caused a small, sparse dataset when compared to other applications of CT. The

horizontal resolution was found to depend primarily on the air-traffic density, while

the vertical resolution depended primarily on the resolution of the a priori data. The

a priori guess provided an adequate basis for vertical distribution, which localized

the feature, with sharp contrast between data and the background.

The paper by Cushley et al. [2017] is directly related to the research by Cushley

[2013] and the work that was presented in the previous chapter by Cushley and Noël

[2014]. It can be considered as a method to form an a priori estimate for the first

iteration of the CIT reconstruction in order to provide information about the vertical

distribution of the electron content. Work from GPS CIT by Liu and Gao [2001]; Max

van de Kamp [2012] has shown that in-situ data used for the creation of the a priori

guess, as opposed to built-in profiles, yielded better results. Although data injection

from other sources is preferable to empirical models, data from other instruments may

not always be available. The problem of mapping the IEDs is an ill-posed problem

and therefore relies heavily on the accuracy of the a priori estimate. This research

outlines a method to generate IED profiles based on available parameters from other

sources (e.g. ionosondes). For vertical propagation paths, this method yields one or

more electron density profiles for a single FR measurements and TEC measurement

(or assuming the value for the VTEC can be provided accurately enough from a

GIM).

The paper presented in this chapter is not only relevant for CIT, but also related

to other applications that require information about the ionospheric electron content.
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The method and results presented in the following paper describes how, given inde-

pendent FR and TEC measurements, ionospheric profiles can be created to describe

the vertical distribution of electrons along the path and provide more information

about the ionosphere than using only TEC measurements.

VTEC maps are regularly produced by GNSS and used to assess the state of

the ionosphere and propagation conditions. They are available from a variety of

sources such as DLR, NRCan, NASA Jet Propulsion Laboratory California Institute

of Technology [2014]. However, they do not provide any information about how the

electron content is distributed vertically. Although this manuscript is applied to ADS-

B signals as the candidate carrier, the technique can also be applied to other linearly

polarized signals.

5.3 Published Paper

The technique using independent FR and TEC measurements to obtain ionospheric

profiles discussed in this chapter was published in Radio Science in 2017. Presented

immediately below is the paper in the journal format reproduced by permission of

American Geophysical Union:

• Cushley, A. C., Kabin, K., & Noël, J.-M.. Faraday rotation of Automatic

Dependent Surveillance-Broadcast (ADS-B) signals as a method of ionospheric

characterization. Radio Sci., 52, doi:10.1002/2017RS006319, 2017. Copyright

2017 American Geophysical Union.
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Abstract Radio waves propagating through plasma in the Earth’s ambient magnetic field experience
Faraday rotation; the plane of the electric field of a linearly polarized wave changes as a function of
the distance travelled through a plasma. Linearly polarized radio waves at 1090 MHz frequency are emitted
by Automatic Dependent Surveillance Broadcast (ADS-B) devices that are installed on most commercial
aircraft. These radio waves can be detected by satellites in low Earth orbits, and the change of the
polarization angle caused by propagation through the terrestrial ionosphere can be measured. In this
manuscript we discuss how these measurements can be used to characterize the ionospheric conditions.
In the present study, we compute the amount of Faraday rotation from a prescribed total electron content
value and two of the profile parameters of the NeQuick ionospheric model.

1. Introduction

The Earth’s ionosphere is a region of Earth’s upper atmosphere between approximately 60 and 1,000 km
altitude, composed of free electrons, different atomic and molecular ions, and neutral particles, where the
extreme solar ultraviolet (EUV) and X-ray radiation causes ionization. The practical importance of studying the
ionosphere is that it has a sufficient electron density to affect electromagnetic wave propagation for satellite
communications and distant Earth communications (Rawer, 1993).

The ionospheric electron number density changes with altitude above the Earth’s surface. Total electron
content (TEC) is defined as the integrated electron density within a column of ionospheric plasma of one
square meter in cross-sectional area. The TEC parameter is studied extensively, because it is very useful and
relatively simple to measure. TEC can be used for many applications and routine tasks, such as prediction
of propagation delays for Global Navigation Satellite Systems (GNSS) and other systems, as a proxy for GNSS
position error, to validate ionospheric models and even as a potential precursor in earthquake forecasting
tools (Hammerstrom & Cornely, 2016; Hoque & Jakowski, 2012; Klobuchar et al., 1973; Wen et al., 2010).
For these reasons, global maps of the vertical TEC (VTEC) are routinely produced from GNSS and used to assess
the state of the ionosphere and propagation conditions. Such maps are made available at http://iono.jpl.nasa.
gov/latest_rti_global.html, among other sources.

One of the earliest ground-based observations of ionospheric phenomena that is consequential to the TEC
was made by DeWitt and Stodola (1949) by using signals bounced off the Moon. They observed systematic
amplitude fading in their signals, but they did not fully understand that this fading was in fact a signature of
Faraday rotation (FR), which is proportional to the TEC (Budden, 1961). The first estimates of the TEC were also
made using echoes from the Moon by Browne et al. (1956). Soon thereafter, the opportunity for extended TEC
observations was provided by amplitude versus time records of the signals received from Sputnik 3 (Garriott,
1960). These early TEC measurements in the late 1950s showed diurnal and seasonal variations for the topside
and bottomside ionosphere (Lawrence et al., 1963).

Even during magnetically disturbed periods, TEC measurements provide continuous information about the
electron content in the F region (>160 km), where the highest concentration of electrons tend to occur.
The electron density peak altitude is typically seen at ∼300 km, in the F region, but with a high degree of vari-
ation (Anderson & Fuller-Rowell, 1999; Wahi et al., 2005; Zhao et al., 2009). For example, Chuo (2014) observed
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Figure 1. (top) The VTEC as a function of geographic latitude for
15 January 2015 along the Greenwich Meridian 0∘ longitude at 12 UTC.
Although TEC is highly variable, the daily global maximum is typically
found over equatorial regions at solar maximum conditions and
generally decreases with latitude. The peak occurs between 15 and
20∘ on either side of the equator with an ionization trough at the
geomagnetic equator. (bottom) A plot of the Faraday rotation (FR) as a
function of latitude. The maximum FR occurs in the midlatitude region,
making this the region most amenable to this type of procedure
because the amount of FR is above the detectable threshold.

the altitude of the ionospheric peak to range from 250 to 380 km from 0600
to 1000 LT, while the scale height changed from 38 to 65 km over the same
4 h period.

Radio waves propagate at a slower velocity through the Earth’s ionosphere
than through free space due to the group path delay caused by the iono-
sphere (Hoque & Jakowski, 2012; Klobuchar et al., 1973). The most important
layer from a navigation and communications perspective is the F2 layer, where
the electron content reaches a peak density. The propagation time delay due
to the ionosphere is directly proportional to the ionospheric TEC along the
path. TEC therefore is one of the most important quantitative measurements
to characterize the Earth’s ionosphere. The exact value of TEC is a function
of many variables, for example, the geographic location, the local time, the
season, the amount of solar EUV flux, and magnetic activity.

The VTEC is defined as the integral of the electron density along a radial path
from the Earth’s surface up to the transmitting satellite or a higher altitude
which we can assume to be infinity (Leitinger, 1994; Stankov et al., 2003).
Figure 1 (top) shows the VTEC as a function of geographic latitude, obtained
by integrating electron density profiles using the semi-empirical NeQuick2
Web Model (Nava et al., 2008) from the surface of the Earth up to 22,250 km
for 15 January 2015 along the Greenwich Meridian 0∘ longitude at 12 UTC.
We note that the VTEC is maximum between 15 and 20∘ on either side of the
equator with an ionization trough at the geomagnetic equator. This is known
as the equatorial anomaly (Appleton, 1946; Eccles & King, 1969; MacDougall,
1969). The VTEC decreases as we move toward higher latitudes (Soicher &
Gorman, 2012). There is also a hemispherical asymmetry that is produced due
to seasonal effects and the magnetic axis tilt angle of the Earth with respect
to the rotational axis (Fuller-Rowell et al., 2016).

FR depends on both electron density profile and magnetic field, and for verti-
cal propagation, the FR increases for more vertical magnetic field lines. Since
TEC depends on latitude, it would be reasonable to assume that FR would
also depend on latitude. Using the value for VTEC shown in Figure 1 (top)
and the dipole magnetic field, the FR angle as a function of latitude is shown
in Figure 1 (bottom). We assume that there is negligible density above the
satellite so that the full VTEC is used to calculate FR. An equatorial observer,

receiving the signal from a satellite passing directly overhead, would encounter a relatively high value of TEC;
however, due to the geometry, only a small radial component of the magnetic field would exist as a conse-
quence and very little to no FR would occur as shown in Figure 1 (bottom). At the poles, an observer would
encounter a stronger radial component of the magnetic field compared to an equatorial observer, but the TEC
at high latitudes is much lower than equatorial latitudes. The maximum amount of FR occurs at midlatitudes,
which shows that the technique that we will present in section 2 of this manuscript would work best in the
midlatitude region.

Automatic Dependent Surveillance-Broadcast (ADS-B) is a technology developed to track the position and
movement of aircraft through intermittent broadcasts of linearly polarized 1,090 MHz radio waves containing
information about their identity, itinerary, and position state vectors to ground-based receivers and other
aircraft within range. The system is intended to augment radar for air traffic control by providing an
enhanced ranging and separation distinction capability with a reduced footprint for ground support infras-
tructure (ADS-B-Technologies, 2011; Brown & Hendricks, 2011; Marsh, 2006). ADS-B coverage will be partic-
ularly useful for oceanic and polar regions, where coverage from another source is otherwise unavailable.
These regions also correspond to the largest errors for TEC maps (Jakowski et al., 2011). Therefore, using ADS-B
measurements in those areas can improve the accuracy of the TEC maps.

The required transmitter power for the ADS-B signal varies as a function of aircraft category with a maximum
output power for all classes of 500 W. Smaller aircraft use a minimum transmission power of 75 W, but any
aircraft that is capable of operating at altitudes greater than 15,000 ft (4,570 m) above sea level (ASL), or with
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cruising speeds above 175 kts (324 km/h), are required to transmit at a minimum power of 125 W. Aircraft use
quarter-wave monopole antennas for ADS-B transmissions that transmit vertically polarized signals (Francis
et al., 2011; NavCanada, 2008).

ADS-B signals were first detected at 35 km, well above commercial flight level (∼10 km) by a high-altitude
balloon mission, which successfully demonstrated the reception of ADS-B signals from near space, paving the
way to the development of a space-based ADS-B system (Francis et al., 2011). CanX-7 (University of Toronto
Institute for Aerospace Studies Space Flight Laboratory, 2014) is a nanosatellite equipped with an ADS-B
receiver that was recently launched into a 690 km Sun-synchronous orbit on 26 September 2016 to validate
this idea. While the primary mission of CanX-7 is to demonstrate deorbiting technology, it is also used to evalu-
ate an ADS-B receiver in space (Shmuel et al., 2012; University of Toronto Institute for Aerospace Studies Space
Flight Laboratory, 2014). CanX-7 has received ADS-B signals from various aircraft distributions and geometries
with slant ranges in excess of 2,000 km and up to 3,300 km at look angles (off-nadir) of ∼64∘ (Vincent & Van
Der Pryt, 2017; K. Freitag, personal communication, 2017). For the purpose of this manuscript we assume that
ADS-B signals are detectable over vertical paths, which will be shorter than off-nadir slant ranges.

Other organizations interested in space-based air traffic monitoring using ADS-B include the European Space
Agency Proba-V mission (European Space Agency, 2013a, 2013b; Francois et al., 2014) and GomSpace GomX-1
(Alminde et al., 2012, 2014; GomSpace, 2013). ADS-B receivers have also been assembled, integrated, and
tested as hosted secondary payloads on the Iridium Next constellation, Iridium’s second generation 75 satel-
lite LEO constellation that has commenced deployment in early January 2017, with full service expected to
be available by 2018 (Aireon, 2015; Gupta, 2011; Van Der Pryt & Vincent, 2016). The first ever global aircraft
tracking capability will play a key role in the modernization of global air traffic management infrastructure
(Harris Corporation, 2012, 2014).

One of the main benefits of considering ADS-B signals and of the method proposed in this manuscript is that
ADS-B receivers are able to distinguish and identify signals from different aircraft, which results in potentially
hundreds or even up to a couple of thousand independent FR measurements along different propagation
paths. The ADS-B signals, currently produced by aircraft, offer a unique opportunity to be used for ionospheric
sounding in addition to their main operational purposes. This is similar to how GNSS systems have been used
for ionospheric science in addition to their intended purpose of geospatial positioning. In the next section, a
relatively simple method is presented that can be used to characterize the ionosphere using two parameters
that can be adjusted in order to produce an electron density profile that agrees with FR and TEC observations.
In the present study, we compute the amount of Faraday rotation from a prescribed ionospheric electron
density profile, specified by NeQuick. We study the sensitivity of FR angle to ionospheric parameters such as
layer thickness and the altitude of the peak density. By considering the FR in addition to the TEC, we show
that the ionospheric characterization can be improved.

2. Theory and Methodology

The TEC along a propagation path or within a column of ionospheric plasma of unit cross section is defined as

TEC = ∫
zmax

0
ne(z)dz (1)

where ne is the electron density and z is the path length. TEC is usually expressed in TEC units (TECu) equal
to 1016 electrons m−2, with typical values ranging from 1 to 100 TECu (Klobuchar et al., 1973). The upper
limit of integration, zmax in this definition is somewhat arbitrary, as long as it is well above the altitude of the
peak ionospheric density, usually values of at least 1,000 km are used (Klobuchar et al., 1973). In practice, the
upper limit typically coincides with the altitude of the Global Positioning System (GPS) satellites at 20,180 km
(∼3.1 RE), which are regularly used to calculate TEC.

In addition to experiencing time delays, linearly polarized plasma waves propagating through the ionosphere
undergo FR of the polarization plane. The angle of this rotation is given by Kraus (1966) among others

𝛽 = e3

8𝜋2𝜖0m2
e cf 2 ∫ ne(z)B||(z)dz (2)
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Figure 2. Electron number density, ne , profile for z0 = 300 km,
TEC = 40 TECu, and different values for the layer thickness.

where the FR, 𝛽 is measured in radians, c=3 × 108 m/s is the speed of light in
a vacuum, e=1.602 × 10−19C is the elementary charge, me =9.109 × 10−31 kg
is the mass of an electron, f is the frequency of the radio wave, 𝜖0 = 8.854 ×
10−12 C2/N m2 is the permittivity of free space, and B|| is the component of the
magnetic field parallel to the direction of the wave propagation in tesla. The
magnitude of the rotation is directly proportional to the integrated product
of the electron density, ne(z), along the ray path or plasma column and the
strength of the parallel component of the magnetic field B||(z).

Using equations (1) and (2) together provide more information about the elec-
tron density than simply using equation (1). By assuming that B||=Br we restrict
our analysis to the cases when the satellite is directly overhead. This describes
the simplest and the most ideal observational geometry. Only this geometry
will be considered in this proof of concept study. In what follows, we further
assume that the magnitude of the parallel component of the magnetic field can
be described by the dipole approximation; then the component parallel to the
propagation of the radio wave can be written as

B|| = Br = Beq

2R3
E sin 𝜆

(z + RE)3
(3)

where Beq=−31, 000 nT is the equatorial dipole strength at the surface of the
Earth and 𝜆 is the latitude of the point in consideration.

As a suitable model for the ionospheric electron density, we use the NeQuick
model (Leitinger et al., 2005; Radicella & Zhang, 1995), which only has a few
adjustable parameters. The altitude dependence of ne in the NeQuick model is
based on the Epstein layer (Rawer, 1963), given by

ne(z) =
4nm𝛼

(1 + 𝛼)2
(4)

where

𝛼 = exp
( z − z0

H

)
.

Figure 3. Electron number density, ne , profile for H = 275 km, TEC = 40
TECu, and different altitudes for the peak ionospheric density.

Here nm is the maximum density of electrons in the ionosphere, z0 is the
altitude of the density peak, and H is the layer thickness parameter. In this
manuscript, the layer thickness rather than the scale height is used. Wright
(1960) shows that for a Chapman profile, slab thickness is ∼4 times larger than
scale height. Typical values for scale height are found to range ∼30–100 km
(Chuo, 2014; D. R. Themens, personal communication, 2017). Also, we are using
an Epstein layer, so the relation is likely different. The NeQuick model has three
adjustable parameters, namely, nm, z0, and H. TEC can be computed analytically
for the profile (4) as

TEC = 4nm ∫
∞

0

exp
(

z−z0

H

)
(

1 + exp
(

z−z0

H

))2
dz =

4nmH

1 + exp
(

−z0

H

) (5)

We assume that the TEC of the ionosphere is a known quantity; thus,
equation (5) can be used to provide one relationship that can be used to eval-
uate nm for given z0 and H. The profile is a function of three parameters: nm, z0,
and H. We can choose two of the parameters independently and calculate the
third. Then, equation (2) is used to compute the FR angle 𝛽 as a function of H
and z0 for fixed values of TEC.
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Figure 4. The FR angle as a function of z0 for H = 275 km for
constant TEC (20 TECu blue line, 40 TECu green line, and 60
TECu red line).

The present study determines the amount of Faraday rotation from a chosen TEC value
and two of the profile parameters (in this case zo and H). By specifying TEC, we assume
the peak density is inferred from the TEC and is not an independent variable. The
actual experiment/application of this technique will be somewhat the opposite, that is,
measuring FR and TEC and attempting to determine the profile parameters from those
two quantities. This problem is, however, underdetermined—we have only two con-
straints and three parameters. Thus, the ambiguous determination of the ionospheric
parameters will require additional measurements, for example, z0 from ionosonde data
(Kersley et al., 1993; Stankov et al., 2003). At present, however, we focus on the fea-
sibility of using ADS-B for ionospheric research and study the sensitivity of FR to the
ionospheric parameters such as H and z0.

3. Results

We set the TEC at 40 TECu, which is a typical value during quiet ionospheric conditions
for 𝜆=45∘ (see Figure 1, top) given that TEC typically ranges from 5 to 50 TECu for diur-
nal midlatitude TEC and 10 to 50 TECu through the day, over the solar cycle (Anderson
& Fuller-Rowell, 1999). We select 𝜆 = 45∘ because the midlatitude region is where the
FR angle is largest (see Figure 1, bottom). Figures 2 and 3 show plots of electron den-
sity profiles as a function of H (Figure 2) and z0 (Figure 3) for TEC = 40 TECu. Figure 2
shows the electron density profiles obtained for fixed z0 = 300 km as a function of
varying H. Similarly, Figure 3 shows the electron density profiles for fixed H=275 km and
for different altitudes of the peak ionospheric density. Slab thickness values can range
100–500 km with a typical range between 200 and 350 km for the midlatitude iono-
sphere (Jayachandran et al., 2004; Stankov & Warnant, 2009). We deliberately explore a

range of values beyond what is normally observed; however, a value of H=275 km is used in Figure 3, which
is considered to be a fairly typical value.

Figures (4) and (5) show the FR angle computed as a function of the parameters of the NeQuick ionospheric
model, assuming that the TEC value is constant (at 20 TECu blue line, 40 TECu green line, and 60 TECu

Figure 5. The FR angle as a function of H for z0 = 300 km for
constant TEC (20 TECu blue line, 40 TECu green line, and 60
TECu red line).

red line). In this calculation, we set the lower limit of the integration in equation (2) to
10 km (a typical cruising altitude of commercial aircraft) and upper limit to 1,000 km
(close to the actual satellite(s) that will receive ADS-B signals; the CanX-7 and the Iridium
NEXT satellites orbit at ∼800 km and ∼780 km, respectively).

Figure 4 shows the dependence of the FR angle, 𝛽 , as a function of the altitude of the
ionospheric peak z0. The other model parameter, namely, the layer thickness parame-
ter H, is kept constant at 275 km. Figure 4 shows that the FR angle 𝛽 changes by more
than 1∘ (from ∼−6.6∘ to ∼−7.9∘) for 20 TECu, more than 2∘ (from ∼−13.1∘ to ∼−15.8∘)
for 40 TECu, and by ∼4∘ (from ∼−19.7∘ to ∼−23.7∘) for 60 TECu as the altitude of the
ionospheric peak increases from 200 to 400 km. The change in FR is near the 1∘ thresh-
old that can be detected by instruments on board an orbiting satellite (Anderson et al.,
2011; Dhar et al., 1977; Rogers & Quegan, 2014). The FR is consistent with equation (2);
as the altitude of the ionospheric peak increases, the angle of the FR decreases, since
the electron density is multiplied by the parallel component of the magnetic field in
equation (2), which decreases as a function of altitude. The lower the altitude of the
peak density, the stronger the radial component of the magnetic field at its location.

Figure 5 shows the variation of the FR angle as a function of the model parameter H
for fixed z0 = 300 km. As the layer thickness parameter of the model H increases from
200 to 500 km, 𝛽 changes by more than 2∘ (from ∼−7.2∘ to ∼−5.0∘) for 20 TECu, more
than 4∘ (from ∼ −14.3∘ to ∼ −10.0∘) for 40 TECu, and more than 6∘ (from ∼ −21.5∘ to
∼ −15.0∘) for 60 TECu. These changes in magnitude of the rotation angle should be
detectable. It is evident from Figures 4 and 5 that the amount of FR expected for the
ADS-B transmission even for elevated values of TEC is clearly less than 180∘, so we do
not need to be concerned with phase ambiguity.
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Figure 6. The FR angle as a function of z0 and H for
TEC = 40 TECu.

Figure 6 shows, with a color contour plot, the FR angle as a function of z0 and H for
TEC = 40 TECu. From this figure we see that as H increases from 200 km to 500 km
and z0 increases from 200 km to 400 km, the angle 𝛽 decreases from ∼17∘ to ∼10∘.
The maximum FR corresponds to small values of H and z0. All values of the FR angle are
shown to be above the detectable threshold (Anderson et al., 2011; Dhar et al., 1977;
Rogers & Quegan, 2014).

4. Summary and Conclusions

Modern TEC measuring systems rely on either the observation of signal phase differ-
ences or on differences in the pulse travel time and pulse shape measurements based
on geostationary and other orbiting satellites. A standard way of measuring TEC is
to use ground-based receiver processing signals from the following: GNSS satellites,
satellites in geostationary orbits such as ATS-6 and SIRIO and polar orbiting satellites like
the U.S. Navy Navigation Satellite System (NNSS). These techniques using GNSS have
created new opportunities to investigate the ionosphere and plasmasphere on a global
scale (Davies & Hartmann, 1997; Stankov et al., 2003). Similarly, ADS-B can be used for
ionospheric sounding as an added secondary scientific benefit in addition to its main
operational purpose of monitoring air traffic.

We have discussed how a relatively simple model can be used to characterize the iono-
sphere using three parameters that can be adjusted in order to produce an electron
density profile that agrees with FR and TEC observations. By using two measurements
(FR and TEC), rather than only the TEC, we can improve the characterization of the iono-
sphere although the problem, however, even for the simplest NeQuick version with

three independent parameters, remains underdetermined. Additional independent measurements, such as
CADI, can reduce this ambiguity. A potential source for the type of data considered as input to this model
are conjunctions between satellites that receive linearly polarized beacon signals, such as the constellation of
ADS-B receivers that will be hosted by the Iridium NEXT constellation. ADS-B signals can be used to measure
the FR over various propagation paths. These observations can be used as input to the model discussed in
this manuscript, which allows adjustable parameters to be calculated.

In this manuscript, the FR angle was determined from a prescribed TEC value. The peak density nm was inferred
from the TEC using equation (5). In reality, application of this technique will likely be the inverse problem
to that presented in the present study, that is, FR and TEC observations will be used to determine profile
parameters H and z0.

Although the technique presented is feasible, with a receiver polarization angle uncertainty of 1∘ and changes
in the FR of only 2∘ for lower values of TEC (see the cases for 20 TECu in Figures 4 and 5), the results are likely
to be noisy. These results are still useful for distributing the electron density vertically and may be improved
with data ingestion from another source. For example, the peak density and corresponding altitude from
a nearby ionosonde may be used to constrain the problem further, leaving only the layer thickness to be
calculated using equation (5). If both nm and z0 are measured, then the problem becomes overdetermined
and will probably require some version of a least squares computation.

By varying the parameters z0 or H, the FR angle changes by more than 1 to 3∘ for a fixed value of TEC.
This should be detectable and will work best at midlatitudes, where the effect is largest (see Figure 1, bottom).
Variations in the FR smaller than 1∘ may not be detectable using current instruments but could present an
engineering problem to be solved for future application. We presented the simulation results using a relatively
simple three-parameter model for midlatitudes with 𝜆=45∘. The profile(s) resulting from the two parameters
that have been adjusted to agree with TEC and FR observations may be useful for applications such as
computerized ionospheric tomography (CIT) as an a priori estimate for reconstruction of the ionospheric
electron content over regions where a priori information from other instrumentation is otherwise unavailable
(Cushley, 2013; Cushley & Noël, 2014; Siefring et al., 2015). Our study shows that it is possible to improve
ionospheric characterization by obtaining electron density profiles using FR and TEC. This technique will be
applied to real ADS-B data, when they are available. However, more detailed studies are needed in the future,
particularly, to investigate other more general propagation geometries between the transmitting aircraft and
passive satellite receiver(s) as well as multiple ionospheric layers.

CUSHLEY ET AL. PARAMETRIC IONOSPHERIC CHARACTERIZATION 1298



Radio Science 10.1002/2017RS006319

References
ADS-B-Technologies (2011). Welcome, Website. Anchorage: AL.
Aireon (2015). AireonSM ADS-B payloads installed on first Iridium NEXT satellites, News and Updates. McLean, VA.
Alminde, L. K., Midtgaard, A., Brisgard, M., Jensen, M., Gosvig, B., Birklykke, A.,…Moullec, Y. L. (2012). GomX-1: A nano-satellite mission

to demonstrate improved situational awareness for air traffic control. In 26th Annual AIAA/USU Conference on Small Satellites, SSC12-I-6
(pp. 1–7). Aalborg, Denmark.

Alminde, L. K., Kaas, K., Brisgard, M., Brisgard, M., Chistiansen, J., & Gerhardt, D. (2014). GomX-1 flight experience and air traffic monitoring
results. In Proceedings of the AIAA/USU Conference on Small Satellites, SSC14-XII-7 (pp. 1–7). Logan, Utah, USA.

Anderson, D., & Fuller-Rowell, T. (1999). The ionosphere. In NOAA Space Environment Topics (pp. 14). Boulder, CO.
Appleton, E. V. (1946). Two anomalies in the ionosphere. Nature (London), 157(3995), 691–691.
Anderson, J. P., Phelps, E. B., Erickson, P. J., Lind, F. D., Coster, A. J., & Langston, G. I. (2011). Characterization of system calibration parameters

for high gain dual polarization satellite beacon diagnostics of ionospheric variations. Radio Science, 46(RS5017), 1–13.
Brown, S. J., & Hendricks, T. L. (2011). Automatic Dependent Surveillance Broadcast (ADS-B) in Aviation Rulemaking Committee (ARC)

recommendations to define a strategy for incorporating ADS-B in technologies into the National Airspace System (NAS). A Report from
the ADS-B In ARC to the FAA. Washington, DC: ADS-B In ARC.

Browne, I., Evans, J. V., Hargreaves, J. K., & Murray, W. A. S. (1956). Radio echoes from the Moon. Proceedings of the Physical Society of London,
69, 901–920.

Budden, K. G. (1961). Radio Waves in the Ionosphere: The Mathematical Theory of the Reflection of Radio Waves from Stratified Ionised Layers.
Cambridge, UK: Cambridge University Press.

Chuo, Y.-J. (2014). Variations of scale height at F-region peak based on ionosonde measurements during solar maximum over the crest of
equatorial ionization anomaly region. Scientific World Journal, 2014, 397402. https://doi.org/10.1155/2014/397402

Cushley, A. (2013). Ionospheric tomography using Faraday rotation of Automatic Dependent Surveillance Broadcast (UHF) signals (Master’s
thesis), Royal Military College of Canada, Kingston, On.

Cushley, A., & Noël, J.-M. A. (2014). Ionospheric tomography using Automatic Dependent Surveillance Broadcast (ADS-B) signals. Radio
Science, 49, 549–563. https://doi.org/10.1002/2013RS005354

Davies, K., & Hartmann, G. K. (1997). Studying the ionosphere with the global positioning system. Radio Science, 84, 1695–703.
DeWitt, J. H., & Stodola, E. K. (1949). Detections of radio signals reflected from the Moon. Proceedings IRE, 37, 229–42.
Dhar, B., Vadher, N. M., & Deshpande, M. R. (1977). An equipment to measure Faraday rotation angle of VHF waves received from a

geostationary satellite. IETE Journal of Research, 23(12), 708–711. https://doi.org/10.1080/03772063.1977.11451514
Eccles, D., & King, J. W. (1969). A review of topside sounder studies of the equatorial ionosphere. Proceedings of the IEEE, 57(6), 1012–18.
European Space Agency (2013a). Tracking aircraft from orbit. Paris, France.
European Space Agency (2013b). Hitching a ride. Paris, France.
Francis, R., Vincent, R., Noël, J., Tremblay, P., Desjardins, D., Cushley, A., & Wallace, M. (2011). The flying laboratory for the observation of

ADS-B signals. International Journal of Navigation and Observation, 2011(A2), 5. https://doi.org/10.1155/2011/973656
Francois, M., Santandrea, S., Mellab, K., Vrancken, D., & Versluys, J. (2014). The PROBA-V mission: The space segment. International Journal of

Remote Sensing, 35(7), 2548–2564. https://doi.org/10.1080/01431161.2014.883098
Fuller-Rowell, T., Yizengaw, E., Doherty, P., & Basu, S. (2016). Ionospheric Space Weather: Longitude Dependences and Lower Atmosphere

Forcing, Geophysical Monograph Series. Washington, DC: Wiley.
Garriott, O. (1960). The determination of ionospheric electron content and distribution from satellite observations 1 and 2. Journal of

Geophysical Research, 65, 1139–1157.
GomSpace (2013). GomSpace GOMX-1. Aalborg, Denmark.
Gupta, O. (2011). Global augmentation of ADS-B using iridium NEXT hosted payloads. In Proceedings of the Integrated Communications,

Navigation and Surveillance Conference (ICNS) (pp. 1–15). Herndon, VA, USA.
Hammerstrom, J. A., & Cornely, P.-R. J. (2016). Total electron content (TEC) variations and correlation with seismic activity over Japan. Journal

of Young Investigators, 31(4), 13–6.
Harris Corporation (2012). Aireon awards Harris Corporation contract for largest implementation of hosted satellite payloads; will provide

global satellite-based aircraft tracking, Harris Press Release. Washington, DC and Melbourne, FL.
Harris Corporation (2014). Harris Corporation completes space qualification testing of hosted payload for satellite-based global aircraft

tracking system, Harris Press Release. Washington, DC and Melbourne, FL.
Hoque, M. M., & Jakowski, N. (2012). Ionospheric Propagation Effects on GNSS Signals and New Correction Approaches, Global Navigation

Satellite Systems: Signal theory and applications. Rijeka: InTech.
Jakowski, N., Mayer, C., Hoque, M. M., & Wilken, V. (2011). Total electron content models and their use in ionosphere monitoring. Radio

Science, 46, RS0D18. https://doi.org/10.1029/2010RS004620
Jayachandran, B., Krishnankutty, T. N., & Gulyaeva, T. L. (2004). Climatology of ionospheric slab thickness. Annales Geophysicae, 22, 25–33.
Kersley, I., Heatyon, J., Pryse, S., & Raymund, T. (1993). Experimental ionospheric tomography with ionosonde input and EISCAT verification.

Annals of Geophysics, 11, 1064–1074.
Klobuchar, J. A., Aarons, J., Mendillo, M., Allen, R. S., John, P., Seeman, D. R., & Basu, S. (1973). Total electron content studies of the ionosphere

(Tech. rep.) Bedford, Massachusetts: Ionospheric Physics Laboratory-Air Force Cambridge Research Laboratories-L. G. Hanscom Field.
Kraus, J. (1966). Radio Astronomy. New York: McGraw Hill.
Lawrence, R. S., Posakony, D. J., Garriott, O. K., & Hall, S. C. (1963). The total electron content of the ionosphere at middle latitudes near the

peak of the solar cycle. Journal of Geophysical Research, 68(7), 1889–1898. https://doi.org/10.1029/JZ068i007p01889
Leitinger, R. (1994). Data from orbiting navigation satellites for tomographic reconstructions. International Journal of Imaging Systems and

Technology, 5, 86–96.
Leitinger, R., Zhang, M.-L., & Radicella, S. M. (2005). An improved bottomside for the ionospheric electron density model NeQuick. Annals of

Geophysics, 48(3), 525–34.
MacDougall, J. W. (1969). The equatorial ionospheric anomaly and the equatorial electrojet. Radio Science, 4(9), 805–810.

https://doi.org/10.1029/RS004i009p00805
Marsh, G. (2006). European air traffic surveillance. Danbury, CT.
Nava, B., Coïsson, P., & Radicella, S. (2008). A new version of the NeQuick ionosphere electron density model. Journal of Atmospheric and

Solar-Terrestrial Physics, 70(15), 1856–1862. https://doi.org/10.1016/j.jastp.2008.01.015
NavCanada (2008). Hudson bay implementation, Brochure. Ottawa, ON.
Radicella, S. M., & Zhang, M. L. (1995). The improved DGR analytical model of electron density height profile and total electron content in

the ionosphere. Annals of Geophysics, 38(1), 35–41.

Acknowledgments
All values and equations used to
perform the simulations presented
are given in the manuscript. The
authors would like to thank the
(Government of Canada | Natural
Sciences and Engineering Research
Council of Canada (NSERC)
[10.13039/501100000038] (249806)),
for supporting this research.

CUSHLEY ET AL. PARAMETRIC IONOSPHERIC CHARACTERIZATION 1299



Radio Science 10.1002/2017RS006319

Rawer, K. (1963). Propagation of Decameter Waves (HF band), in Meteorological and Astronomical In Uences on Radio Wave Propagation
(pp. 221–250). New York: Academic Press.

Rawer, K. (1993). Wave Propagation in the Ionosphere. Dordecht: Kluwer Acad. Publ.
Rogers, N. C., & Quegan, S. (2014). The accuracy of Faraday rotation estimation in satellite synthetic aperture radar images. IEEE Transactions

on Geoscience and Remote Sensing, 52(8), 4799–807.
Shmuel, B., Hiemstra, J., Tarantini, V., Singarayar, F., Bonin, G., & Zee, R. E. (2012). Canadian Advanced Nanospace eXperiment 7 (CanX-7)

demonstration mission: De-orbiting nano- and microspacecraft. In 26th Annual AIAA/USU Conference on Small Satellites, UTIAS Space
Flight Laboratory, Toronto, ON, Canada.

Siefring, C. L., Bernhardt, P. A., James, H. G., & Parris, R. T. (2015). The CERTO beacon on CASSIOPE/e-POP and experiments using high-power
HF ionospheric heaters. Space Science Reviewsssr, 189(1–4), 107–122. https://doi.org/10.1007/s11214-014-0110-2

Soicher, H., & Gorman, F. (2012). Seasonal and day-to-day variability of total electron content and mid-latitudes near solar maximum. Radio
Science, 20, 383–387. https://doi.org/10.1029/RS020i003p00383

Stankov, S. M., Jakowski, N., Heise, S., Muhtarov, P., Kutiev, I., & Warnant, R. (2003). A new method for reconstruction of the vertical
electron density distribution in the upper ionosphere and plasmasphere. Journal of Geophysical Research, 108(A5), 1164.
https://doi.org/10.1029/2002JA009570

Stankov, S., & Warnant, R. (2009). Ionospheric slab thickness—Analysis, modelling and monitoring. Advances in Space Research, 44(11),
1295–1303.

University of Toronto Institute for Aerospace Studies Space Flight Laboratory (2014). Nanosatellites: CanX-7, UTIAS SFL News. Toronto, ON.
Van Der Pryt, R., & Vincent, R. (2016). A simulation of reflected ADS-B signals over the North Atlantic for a spaceborne receiver. Positioning,

7, 51–62.
Vincent, R., & Van Der Pryt, R. (2017). The CanX-7 nanosatellite ADS-B mission: A preliminary assessment. Positioning, 8, 1–11.
Wahi, R., Dubey, S., & Gwal, A. K. (2005). Ionospheric total electron content measurement in Malaysian region during high solar activity

using GPS receiver. Indian Journal of Radio and Space Physics, 34, 399–401.
Wen, D., Yuan, Y., Ou, J., & Zhang, K. (2010). Ionospheric response to the geomagnetic storm on August 21, 2003 over China using

GNSS-based tomographic technique. IEEE Transactions on Geoscience and Remote Sensing, 48(8), 3212–3217.
Wright, J. W. (1960). A model of the F-region above hmaxF2. Journal of Geophysical Research, 65, 185.
Zhao, B., Wan, W., Liu, L., & Ren, Z. (2009). Characteristics of the ionospheric total electron content of the equatorial ionization anomaly in

the Asian-Australian region during 1996–2004. Annals of Geophysics, 27, 3861–3873.

CUSHLEY ET AL. PARAMETRIC IONOSPHERIC CHARACTERIZATION 1300



Chapter 6

Faraday Rotation, total electron content, and their sensitivity to

the average parallel component of the magnetic field

6.1 Overview

The scientific results presented in this chapter are based on the following publication:

• Cushley, A. C., Noël, J.-M., & Kabin, K., Faraday rotation, total electron

content, and their sensitivity to the average parallel component of the magnetic

field. Radio Sci., 53., 2018.

This study examined the relationship between FR, TEC, and the parallel com-

ponent of the Earth’s magnetic field. A sensitivity analysis was performed using

synthetic ADS-B signals over vertical propagation paths for different characteristic

values of the average parallel component magnetic field in Eqn. 2.15. The results

from different methods were compared to a benchmark solution, using IRI for ne(z)

and IGRF for B||(z) in Eqn. 2.11.

It is found that the best solutions are obtained when a weighted average of the

magnetic field measured at both the satellite and on the ground are used with a slight

bias towards the satellite measurement. The relative weight w = 0.451 was found for

the specific case presented in this manuscript.

6.2 The Study

Qualitatively, the FR is given by Eqn. 2.11, and largely depends on the integral∫
ne(z)B||(z)dz, where ne is the electron density, and B|| is the Earth’s magnetic field

projection in the radio wave propagation direction. The integral is taken along the

radio wave propagation direction. The (anti-) parallel component of Earth’s magnetic

field plays a critical role in the occurrence of FR. Therefore, accurate knowledge or

a correct model for both ne and B|| as well as the propagation trajectory is required

for the proper interpretation of FR measurements.
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In the presence of different local disturbances (eigen waves, terminator effects, etc.

that disturb the ne), which are not taken into account by ne models, correct calcu-

lation of the integral adds to the complexity of the task. Consequently, the average

value (over 1-2 hours) is all that is generally used to estimate the FR experienced or

expected in TEC data [Berngardt and Themens, personal communication].

At best, only ground-based and space-based measurements are available for an

arithmetic average of the magnetic field. Information about the magnetic field be-

tween the ground and satellite are obtained from magnetic field models or neglected in

place of an average value. Wright et al. [2003]; Sheriff and Hu [2003]; Ippolito [2008];

Jehle et al. [2009] all assume a constant value Bavg for the vertical component of the

magnetic field in order to obtain Eqn. 2.15, from which the TEC values are computed

as input to CIT in Cushley [2013]; Cushley and Noël [2014]. IGRF is a widely used

model for the component magnetic field data used to compute Bavg [International as-

sociation of geomagnetism and aeronomy, Working Group V-MOD , 2010]. However,

the magnetic field strength is not linear as a function of altitude. Due to the inverse

cubic relationship between the magnetic field strength and distance, the average value

for the magnetic field will systematically underestimate the FR, which is particularly

important for the determination of TEC from FR measurements. This relationship

also has direct implications for the more common estimation of FR from TEC.

Further investigation into the accuracy of Bavg as a representation of the magnetic

field along a ray path is presented in order to better understand the effect on the

interpretation of TEC from FR measurements using Eqn. 2.15. The IRI and IGRF

models were used to generate IED profiles and the corresponding parallel component

of the magnetic field along vertical ray paths in order to compare the value of the

integral with a characteristic value for the parallel component of the magnetic field

along the path such as an average or from a specified altitude (i.e. thin shell altitude).

Another method for the determination of a characteristic value for the parallel

component of the magnetic field that is an improvement over Bavg was established

by comparing different methods. For example, the field from different fixed altitudes

as well as the varying altitude of the peak electron density were considered. The
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exact solution for the average value of B||, assuming FR and TEC measurements are

both available. Furthermore, a comparison of the (normalized) magnetic field and

electron density profiles as a function of altitude was made to clearly show how each

parameter contributes to the FR at different altitudes and the total FR measured.

The following manuscript is related to the previous research by Cushley [2013];

Cushley and Noël [2014] since it investigates the validity of using an average value

for the magnetic field along a propagation path in order to remove it from inside the

integral to reduce Eqn. 2.11 to Eqn. 2.15. It also prescribes a method that is more

accurate than by using a simple linear average for the magnetic field. This information

may be used to improve the accuracy of TEC estimation from FR measurements, for

input to CIT in Chapters 4 and 7. Improved TEC estimations consequently reduces

the errors that will inevitably propagate throughout the reconstruction region. This

method also applies to estimating FR from TEC more accurately. This technique

may also prove useful for computing ionospheric parameters from independent FR

and TEC measurements more accurately by using the technique described in Chapter

5.

For most of the comparisons, normalized data was used. For input to CIT, ulti-

mately the absolute TEC does not matter as much as the relative variation or shape

of the projection data since the pixels values are not absolute. The pixel values are

established relative to one another. It is planned that such maps could be constrained

by other data sources, for example the peak density inferred from an ionosonde within

the reconstruction region could be used to multiply by the normalized densities in the

map in order to scale the entire IED profile accordingly. Ionosonde peak density alti-

tude could also be used prior to the reconstruction in order to constrain the vertical

distribution of the electron density.

6.3 Published Paper

The sensitivity analysis to different methods of obtaining characteristic values for the

parallel component of the magnetic field to improve the estimation of TEC from FR

(and vice-versa) that were discussed in this chapter was published in Radio Science
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in 2018. Presented immediately below is the paper in the journal format reproduced

by permission of American Geophysical Union:

• Cushley, A. C., Noël, J.-M., & Kabin, K., Faraday rotation, total electron con-

tent, and their sensitivity to the average parallel component of the magnetic

field. Radio Sci., 53. doi:10.1029/2018RS006667, 2018. Copyright 2017 Ameri-

can Geophysical Union.
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Faraday Rotation, Total Electron Content, and Their Sensitivity
to the Average Parallel Component of the Magnetic Field

A. C. Cushley1 , J.-M. Noël1 , and K. Kabin1

1Department of Physics, Royal Military College of Canada, Kingston, Ontario, Canada

Abstract A plane-polarized electromagnetic wave that propagates through a plasma, (anti)parallel to a
magnetic field, experiences a gradual rotation of its plane of polarization called Faraday rotation (FR). The
FR angle depends on the integrated product of the electron density and the strength of the parallel
magnetic field projection to the radio wave propagation direction. The integral is taken along the radio
wave propagation direction over the entire path length. Therefore, accurate measurements or a suitable
model for both the electron density and the magnetic field as well as the propagation trajectory are required
for the interpretation of FR measurements. Many authors use the average value of the parallel magnetic
field for estimation of FR from ionospheric total electron content measurements. Although it is known that
the strength of Earth’s geomagnetic field varies slowly at ionospheric altitudes, a reference height
characteristic value or mean value may not always be appropriate. This work considers alternative methods
to establish a characteristic value for the average parallel component of the magnetic field, particularly
when independent FR and total electron content measurements are available.

1. Introduction

When electromagnetic waves propagate through and interact with the ionosphere, they are modified and
can be used to describe the medium through which they have passed. A plane-polarized wave propagating
parallel to a magnetic field in a plasma experiences a rotation of its plane of polarization called Faraday rota-
tion (FR; e.g., Budden, 1961; Kraus, 1966). The angle of rotation is dependent on the integrated product of the
electron density along the path of unit cross-section, with the strength of the magnetic field projection to the
radio wave propagation direction. It is also inversely proportional to the square of the wave frequency.

Total electron content (TEC) is defined as the integrated electron density within a column of ionospheric
plasma of 1 m2 in cross-sectional area. The ionospheric TEC along the path can be used to estimate the FR
or propagation time delay due to the ionosphere. Although TEC is highly variable, typically the daily global
maximum TEC is found to range between 80 and 200 TEC units (1 TECu = 1016 electrons per square meter)
over equatorial regions at solar maximum conditions (NASA Jet Propulsion Laboratory California Institute of
Technology, 2014; Wahi et al., 2005; Zhao et al., 2009) and generally decreases with latitude (Soicher & Gorman,
2012). Many authors, for example, Brunner and Gu (1991); Ippolito (2008); Jehle et al. (2009); Lawrence et al.
(1963); Sheriff and Hu (2003); and Wright et al. (2003), use an average value for the parallel component of the
magnetic field in order to simplify the estimation of FR. By removing the parallel component of the magnetic
field from the integral, the FR can be estimated using the TEC.

To estimate FR the magnetic field can be obtained using data when available or models while the TEC spatial
distribution is measured and mapped by the Global Navigation Satellite System (GNSS) network. Empirical
models of TEC and the geomagnetic field represent long-term averaged data, neglecting specific events.
While models can be useful for general behavior and even show diurnal variation quite well, they cannot be
used for the analysis of sporadic short time scale (minutes to hours) events such as auroral patches, termi-
nator effects, and other processes that disturb the electron density ne. The presence of these different local
disturbances are not taken into account by average ionospheric electron density models, therefore these
models do not accurately predict the FR. Consequently, the average TEC value over 1–2 hr is generally used
to estimate the FR that would result when a radio wave propagates through the ionosphere [Berngardt and
Themens, personal communication]. This may be sufficient for some applications such as the estimation of FR
from TEC to predict or forecast the amount of FR in satellite systems, but may not be adequate for the inverse
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problem namely the estimation of TEC from FR measurements and magnetic field models as input for comput-
erized ionospheric tomography (CIT) (Cushley & Noël, 2014), or in applications that require greater precision
such as synthetic aperture radar (SAR) imagery correction (Jehle et al., 2009; Rogers & Quegan, 2014) and
radio astronomy [Tony Willis - personal communication]. Measuring FR in the interstellar media is a widely used
astronomical technique (Sotomayor-Beltran et al., 2013). However, it requires separation of the time-variable
ionospheric FR contribution from that caused by the interstellar media. This becomes particularly important
for nearby sources, where the ionospheric contribution to these measurements can be a significant fraction
of the observed rotation, and therefore must be accounted for accurately. Thus, what we do here is very
important for the astronomers as well.

Generally, only ground-based and/or space-based measurement of the Earth’s magnetic field using magne-
tometers are available for FR calculations, not a complete knowledge of the magnetic field profile. However,
the magnetic field strength is not exactly a linear function of altitude and can be disturbed during high geo-
magnetic activity (Kivelson & Russell, 1995; Treumann & Baumjohann, 1996). As a result, a simple averaging
of the ground- and space-based measurements, when they are available, is not an accurate representation of
the magnetic field.

The scientific objective of the present work is to investigate the relationship between FR and TEC for different
characteristic values of the Earth’s magnetic field. We attempt to address the main question: what is the best
expression for the effective parallel component of the magnetic field to be used for FR calculations? Given
that Earth’s magnetic field is dipole-like and that the strength varies as a function of geocentric distance as an
inverse cubic, would it be appropriate to use the magnetic field value measured at the satellite as opposed
to an average value, or would it be more appropriate to use the magnetic field value at the altitude of the
peak density since the majority of the contribution to the TEC is in the F-region? Ultimately, what is the best
averaging procedure for the parallel component of the geomagnetic field?

Many methods to determine a characteristic value for the parallel component of the magnetic field that is an
improvement over an arithmetic average were investigated by comparing several different methods to one
another with respect to a benchmark solution. The work demonstrates the potential of using independent FR
and TEC measurements to determine the average parallel component over vertical paths, which can then be
used to predict FR in other systems, including correction of SAR imagery, and/or to estimate the TEC from FR
measurements as input for CIT. Although there are several potential applications, the main motivation for this
work came from our study of CIT using the FR of Automatic Dependent Surveillance Broadcast (ADS-B) sig-
nals as input (Cushley & Noël, 2014). Typically, CIT uses TEC measurements made by ground-based receivers
processing dual frequency signal phase differences or differences in the pulse travel time and pulse shape
measurements from GNSS satellites as input (Davies & Hartmann, 1997; Stankov et al., 2003). Ground stations
cannot be installed mid-ocean and are difficult to maintain in the Arctic, which has hampered further devel-
opment. These high latitude and oceanic regions correspond to the largest errors for TEC maps (Jakowski
et al., 2011). Therefore, using ADS-B measurements in those areas can improve the accuracy of the TEC maps
and be used for CIT; however, ADS-B is only single frequency so the TEC cannot be measured using the differ-
ential method that is used for GNSS signals. The TEC can be estimated using FR measurements and magnetic
field models, which requires accurate models or measurements of the parallel component of the magnetic
field so that unknown magnetic field uncertainties do not propagate to the TEC estimation and CIT recon-
struction. This method could support the potential exploitation of preexisting networks and operational data
to contribute to current methods of ionospheric sounding.

2. Theory and Methodology
2.1. Faraday Rotation
The FR angle, Ω, is measured in radians (Budden, 1961; Kraus, 1966) viz.,

Ω = 1
8𝜋2c

e3

𝜖om2
e

1
f 2 ∫

l

0
ne(z)Bz(z)dz, (1)

where ne(z) is the electron density at altitude z and varies over propagation path of length l, c = 3 × 108 m/s
is the speed of light in free space, e = 1.602 × 10−19C is the elementary charge, me = 9.109 × 10−31 kg is
the mass of an electron, f is the frequency (Hz) of the incident radio wave, 𝜖0 = 8.854 × 10−12 C2/N ⋅m2 is
the permittivity of free space and Bz(z) is the component of the magnetic field parallel to the direction of the
wave propagation measured in T.
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The FR angle is directly proportional to the integrated electron density and often approximated (e.g.,
Lawrence et al., 1963) as

Ω ≃ 2.36 × 104

f 2
Bavg cos 𝜃 sec𝜒 ∫

l

0
ne dl, (2)

where Bavg is the average magnetic field intensity in T, 𝜃 is the angle between the wave vector k⃗ and the mag-
netic field vector B⃗, and 𝜒 is the zenith angle (between the wave vector and the vertical). The geometrical
factor, Bavg cos 𝜃 sec𝜒 , varies slowly along the ray path and should in fact be within the integral, but it is some-
times taken outside the integral by assuming that it has an average value, suitably weighted over the part of
the ray path that lies within the ionosphere (Lawrence et al., 1963).

The TEC along the ray path of unit cross-section is given by

TEC = ∫
l

0
ne dl, (3)

where TEC is the integrated electron density ne along the path length l and is usually expressed in TECu.
TEC can either be measured using signal time delay or obtained from vertical TEC (VTEC) maps that
are regularly produced using GNSS differential phase measurements. Such maps are made available at
http://iono.jpl.nasa.gov/latest_rti_global.html among other sources.

Among others, Brunner and Gu (1991), Ippolito (2008), Lawrence et al. (1963), Jehle et al. (2009), Sheriff and
Hu (2003), The International Telecommunications Union (2003), and Wright et al. (2003) all assume an average
value for the parallel component of the magnetic field B∥avg = Bavg cos 𝜃 sec𝜒 in order to simplify equation (2).

The inverse problem of estimating TEC from FR measurements and magnetic field models can be expressed
by rearranging equation (2) for a particular fixed frequency.

To properly calculate the average parallel component of the magnetic field ⟨B⟩ in order to extract it from the
integral, it should be determined using

⟨B⟩ = 8𝜋2c𝜖om2
e f 2

e3
⋅

Ω
TEC

= 1
TEC ∫

l

0
ne(z)Bz(z)dz, (4)

where ⟨B⟩ is the average magnetic field. However, applying equation (4) may not always be practical. The only
way to obtain ⟨B⟩ exactly is to measure both the FR and TEC and then there is no need to compute FR from TEC
or vice versa. However, both measurements are not usually available from the same satellite. If independent
FR and TEC measurements were available from either a single satellite or conjunctions between two satellites,
they would be useful for mapping the parallel component of the magnetic field, which then could be used
for other applications.

There are different ways to compute the average magnetic field that can be considered: for example, arith-
metic, geometric, and mean value theorem for integrals to name a few. In this paper, we compare different
methods of calculating the effective parallel component of the magnetic field in order to find a simple method
that works best for a satellite in a circular orbit at 1,000-km orbital altitude.

Figure 1 shows the electron density profile (left panel) from the International Reference Ionosphere (IRI)
version IRI2012web (Bilitza, 2007; Bilitza et al., 2011) and magnetic field profile (center panel) from the Inter-
national Geomagnetic Reference Field (IGRF) version 11 (International association of geomagnetism and
aeronomy, 2010; Maus et al., 2005) as a function of altitude. These profiles were used to create the benchmark
solution; the cumulative FR (right panel) at the altitude of the satellite given by equation (1). For this figure,
ne(z) in equation (1), we arbitrarily selected 1 January 2000 at 0130 UTC at 50∘N latitude, 40∘E longitude as
the location for the comparisons, which is the default location for the IRI model. While IRI is not very accurate
above the F2 peak, where it is hard to constrain it with measurements, it is an obvious choice for this initial
study. The TEC for the electron density profile is 3.3 TECu and the total FR angle at the 1,000-km orbital altitude
of the satellite is 1.43∘.

The percent difference (%diff ) in the cumulative FR for a given method (Ωmethod) from the benchmark solution
(ΩIGRF) is computed as follows:

%diff =
ΩIGRF − Ωmethod

ΩIGRF
× 100. (5)
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Figure 1. Profiles of the electron density (left) from International Reference Ionosphere and the corresponding radial
magnetic field (center) from International Geomagnetic Reference Field as a function of altitude calculated by
International Reference Ionosphere and International Geomagnetic Reference Field for 1 January 2000 at 0130 UTC at
50∘ geographic latitude, 40∘ longitude that were used to create the benchmark solution for the cumulative Faraday
rotation (right) given by equation (1). TECu = total electron content unit.

It can be seen from equation (5) that when a particular method overestimates the amount of rotation than
the benchmark solution, the percent difference is a negative value.

Figure 2 shows a comparison of the percent difference in the cumulative FR as a function of altitude using four
different methods to calculate the average magnetic field. This figure illustrates the uncertainty that results
in the FR when a characteristic value for B∥avg is used in order to extract it from the integral (see equation (2).
The dashed blue curve shows the percent difference of the FR computed for an electron density profile from
IRI and the corresponding magnetic field profile from the IGRF evaluated every 10 km, is labeled BIGRF , and will
be considered as the benchmark solution to which all others will be compared. The value of the cumulative
FR at 1,000 km is the same as using the exact value ⟨B⟩ from equation (4). The red curve shows that using
a value of the magnetic field corresponding to the value of B∥avg at the Earth’s surface (e.g., ground-based
magnetometers—shown by the red curve labeled BGnd = BIGRF(0) = 4.6750 × 10−5T) tends to overestimate
the FR by ∼17.4%, while a value for B∥avg from a higher altitude (e.g., satellite-based magnetometer shown by
the green curve labeled BSat = BIGRF(1000) = 2.9901 × 10−5T) tends to underestimate the FR by ∼21.2%. The
arithmetic average of BGnd and BSat shown as the blue curve, labeled BA

Avg, is much better than either BGnd or
BSat , but it still tends to underestimate the FR by ∼1.9% when compared to the value for the cumulative FR
at 1,000 km. The geometric average of BGnd and BSat labeled BG

Avg shown as the cyan curve is also much better
than either BGnd or BSat , but it underestimates the FR by slightly more than 3.8%.

We note that the largest deviations are found to be at 100-km altitude in Figure 2. A back-of-envelope calcula-
tion is used to explain this. At 100-km altitude, the FR for the benchmark solution is only 1.6 × 10−3∘, whereas
it reaches a maximum value of 1.43∘ at 1,000 km. For the arithmetic average the FR at 100 km is 1.3 × 10−3∘

at 100 km and 1.40∘ at 1,000 km. Using equation (5), we find that this corresponds to a deviation of 18.8% at
100 km and 1.9% at 1,000 km.
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Figure 2. A comparison of the percent difference from benchmark solution using different methods to obtain the
characteristic magnetic field from various altitudes. All methods have been normalized as a cumulative percentage as a
function of altitude with respect to the total Faraday rotation (received by a satellite) at 1,000 km for the benchmark
solution. IGRF = International Geomagnetic Reference Field.

The underestimation shown by the blue curve in Figure 2 is due to the fact that the geomagnetic field does not
vary linearly with altitude. This fact is not taken into account when using the arithmetic average of two mea-
surements is taken at each end of the propagation path. If B was a linear function of altitude then an arithmetic
average would give the exact value ⟨B⟩. In reality, the Earth’s magnetic field is dipole-like and decreases with
geocentric distance as an inverse cubic (neglecting higher order moments which fall off more rapidly than
1∕r3; de Pater & Lissauer, 2010). Due to the inverse cubic relationship, an average value for the magnetic field
will systematically overestimate the FR in the scenario we considered, which causes particular concerns for
the accurate determination of FR using TEC measurements if a simple arithmetic average is used to compute
B∥avg. Although it is more common to estimate FR from TEC, the 1∕r3 relationship also has direct implications
for the inverse problem of computing TEC from FR. Once the FR angle is known, the relationship between FR
and TEC can be used for the generation of TEC maps from SAR data (Lavalle, 2009). In order to use models
for an average of B∥avg from incremental values along the entire path, the exact path the waves takes must
be known. Lower frequencies undergo more refraction, making the determination of the wave path more
difficult to determine (Balser & Smith, 1962).

2.2. Numerical Modeling
We restrict our analysis to the case when the satellite is directly overhead (i.e., 𝜃 = 𝜒 = 0 in equation (2) by
assuming that B|| = Br (Cushley et al., 2017). Then the component parallel to the propagation of the radio
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Figure 3. A semilogarithmic comparison of the normalized magnetic field (green trace) and electron density (blue trace)
profiles as a function of altitude shows how each parameter contributes to the Faraday rotation. The integral
(red-dashed trace) has been normalized with respect to nmBz(nm). Note that the electron density is more variable than
the magnetic field.

wave can be described using a dipole approximation, written as

B|| = Br = Beq

2R3
E sin 𝜆

(z + RE)3
, (6)

where Beq = −3.1 × 104 nT is the equatorial dipole strength on the surface of the Earth and 𝜆 is the geo-
magnetic colatitude, which was set to 45.1∘ to coincide with the default values of geographic latitude of IRI.
This choice of geometry describes the simplest and the most ideal observational geometry due to the avail-
ability of routinely produced global VTEC maps. For the sake of simplicity, in this study we will only consider
this geometry.

For the benchmark solution, values for the electron density were computed from 100 to 1,000 km in 10-km
intervals using the IRI model. The corresponding values for the parallel component of the magnetic field were
computed using IGRF in the same altitude range. A sensitivity analysis was undertaken using different meth-
ods of obtaining the characteristic values of the average parallel component of the magnetic field B∥avg used
in equation (2).

Figure 3 shows a comparison of the normalized magnetic field (Bz(z)∕Bmax green trace) and electron density
profiles (ne(z)∕nm blue trace) as functions of altitude and how each parameter contributes to the cumulative
FR shown as the red-dashed trace. The maximum value of the parallel component of the magnetic field Bmax

is achieved at the Earth’s surface. The electron density profile is the relative density with respect to the peak
density nm. The benchmark solution (shown as the dashed red line) follows the general shape of the electron
density profile, which suggests that the electron number density ne is the dominant parameter in the integral
and contributes more to the total FR calculation. This is consistent with the results shown in Figure 3 where
we observe that the normalized magnetic field varies relatively little as a function of altitude, therefore the
variability of the cumulative FR would necessarily originate from variability in ne(z). The relative variation of
ne is much larger than that of B.

For cases that follow, the TEC was computed by integrating the electron densities obtained from IRI using
equation (3). The effect on the FR using the different methods of computing the effective parallel component
of the magnetic field was compared to the benchmark solution.
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Specifically, the cases that were studied in this paper are as follows:

1. BIGRF ≡ the benchmark solution;
2. BGnd ≡ the magnetic field value from IGRF at sea level;
3. BSat ≡ the value from IGRF at the 1,000-km orbital altitude of the satellite;
4. BA

Avg ≡ the arithmetic average of the transmitter and orbital (receiver) altitude,

BA
Avg =

BGnd + BSat

2
; (7)

5. BG
Avg ≡ the geometric mean of the IGRF radial component profile from the transmitter and orbital (receiver)

altitude,

BG
Avg =

√
BGnd ⋅ BSat; (8)

6. Bi
Dip ≡ three dipole extrapolations where Bm

r is measured at zm (Bm
r = BGnd at zm = 0 km to obtain BGnd

Dip , and
Bm

r = BSat at zm = 1000 km to obtain BSat
Dip) and determined at other altitudes using

Br = Bm
r

(
zm + RE

z + RE

)3

. (9)

The average Bavg
Dip of the previous two dipoles (BGnd

Dip and BSat
Dip) will also be used for comparison;

7. the magnetic field at different altitudes of BIGRF from 350 to 500 km in 50-km intervals;
8. the altitude of the peak electron density (i.e., hmnm) computed from IRI;
9. Bw ≡ weighted average Bw to favor either the ground-based or orbital altitude value. The weight w was

varied from 0 to 1 in increments of 0.001 to find the weight that minimizes the difference with the benchmark
solution for Ω at 1,000 km.

Bw = wBSat + (1 − w)BGnd. (10)

Early satellite missions (e.g., Sputnik3, ATS-6) used linear polarization, which allowed FR to be calculated in
addition to the time delay and TEC. More recently, satellite systems normally use circular polarization in order
to mitigate the FR effect and signal fading associated with the satellite changing its orientation combined with
changing polarization as the signal encounters any anomalies in the ionosphere (Orfanidis, 2008). Circular
polarization can be used to make communications more robust and avoid the negative consequences of FR.
For a satellite using linear polarization, the FR and TEC data could be independently measured by the same
satellite. For example, FR can be measured from phase difference and the TEC from the time delay as described
by Davies et al. (1979) for the ATS-6 satellite. Alternatively, the change in received amplitude as a function of
time can be used to calculate the FR as was done by Aitchison and Weekes (1959), de Mendonto and Garriott
(1962), and Ross (1960) for Sputnik3. The FR and TEC can also be obtained for conjunctions using two different
satellites; for example, the FR can be measured using ADS-B at vertical incidence in conjunction with the VTEC
maps obtained from GNSS.

3. Results

In Figure 2, the arithmetic average (solid blue line) clearly shows that it overestimates the integral since it is to
the right of the benchmark solution (blue-dashed line). It would seem reasonable to assume that B|| should
be selected slightly closer to the value of BSat . It might also seem reasonable from Figure 3 to assume that
since the electron density is the parameter that seems to dominate the shape of the integral, that selecting
B|| near the altitude of the peak density, we might approach the benchmark solution (Bassiri & Hajj, 1993).

To this end, a comparison with the benchmark solution, the arithmetic average, and the radial component
of the magnetic field from IGRF at various intermediate reference altitudes in 50-km intervals from 400 to
500 km, as well as from the altitude of the peak electron density (i.e., hmnm), was made.

The percent difference from the benchmark solution (dashed blue line) is shown in Figure 4. In this case,
hmnm = 350 km (black dotted curve) and the cumulative FR as would be measured by a satellite at 1,000-km
altitude overestimates the benchmark solution by 4.57%, while the solution using B from 450 km (red curve)
overestimates the FR angle by only 0.06%.
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Figure 4. A comparison of the percent difference from benchmark solution using different methods to obtain the
characteristic magnetic field from different altitudes. IGRF = International Geomagnetic Reference Field.

The cases above 500 km and below 350 km are not shown here; however, the results indicate that the errors
in these cases are larger than 2.36%. Using a magnetic field from altitudes greater than 500 km resulted in
curves moving toward the right of the cyan 500-km curve in Figure 4 underestimating the total FR. Using
values for the magnetic field from altitudes lower than 350 km resulted in curves that moved toward the left
of the trace denoted by the black (hmnm = 350 km) curve overestimating the total FR using this method. This
suggests that in this particular case study, the radial magnetic field from an altitude of 450 km approximates
the benchmark solution with the smallest percentage difference.

Usually, simultaneous ground- and space-based measurements are not available at the locations of the trans-
mitter and receiver. Therefore, the arithmetic average is not normally available, and as a result methods
using only a single measurement should be considered. Let us consider a method which can map either
a ground-based measurement up to the altitude of the satellite or vice versa. Equation (9) allows us to
extrapolate a measurement Br(zm) using the dipole approximation.

A comparison of the profiles derived from single values along with the IGRF profile that was used as the bench-
mark solution is shown in Figure 5. The space- and ground-based magnetic field values Br are where the radial
field is at either the maximum or minimum altitude from the IGRF profile, respectively. These exact values
from the benchmark profile simulated perfectly accurate magnetometers that are either on the surface of the
Earth or onboard the satellite.
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Figure 5. For a single measurement, the parallel component of the magnetic field can be fitted to from either a
ground-based measurement Bgnd up to the satellite altitude or fitted using a space-based measurement Bsat to the
ground using the dipole approximation. IGRF = International Geomagnetic Reference Field.

The red curve in Figure 5 shows the benchmark solution from IGRF. The green curve uses the value from the
IGRF profile at the surface (0 km) as the measured value for the radial component of the geomagnetic field to
calculate the radial profile as a function of altitude using equation (9), and thus obtain a magnetic field profile
based on a single measurement. Similarly, the black curve shows the profile obtained by using the value of
the radial component of the magnetic field at 1,000 km.

Figure 6 is similar to Figure 2 and shows a comparison of three dipole approximations to the IGRF benchmark.
The green curve and black curve are determined by solving equation (9) using the values BGnd and BSat at z = 0
and z = 1000, respectively. Once more, the dipole method using BGnd

dip tends to overestimate the FR, while a
value from BSat

dip tends to underestimate the FR. These curves do not provide any improvement compared to
using BA

Avg, however they provide a way to map a single ground- or space-based measurement of the magnetic
field to other altitudes when two simultaneous measurements are not available to calculate the average. The
solid blue line is the arithmetic average Bavg

Dip of the two results and it shows improvements in the results.
Figure 6 shows that BA

avg overestimates the benchmark solution by∼1.9%, while Bavg
Dip overestimates by roughly

the same amount.

In Figure 7, we present a comparison of the cumulative FR as a function of altitude for different methods of
averaging the parallel component of the magnetic field. The same traces that were presented in Figure 2,
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Figure 6. A comparison of the percent difference from benchmark solution using different methods to obtain the
characteristic magnetic field from various altitudes. IGRF = International Geomagnetic Reference Field.

representing the arithmetic average of the ground- and space-based measurements (BA
avg green curve where

w = 0.5), and the benchmark solution (blue-dashed line) are repeated here along with the weighted average
Bw (red curve) and the average dipole method (Bavg

Dip dotted-black curve) that was shown in Figure 6. The red
curve coincides with the solution for ⟨B⟩ from equation (4).

The inset plot shows the difference from the benchmark solution ΔB = Bw − Bcalc in nT as a function of
weight. The point where the line intersects ΔB = 0 nT is the weight that corresponds to the benchmark
solution where the FR calculated using Bw outside the integral using equation (2) coincides with the FR com-
puted with BIGRF inside the integral using equation (1). The appropriate weight for this scenario was computed
numerically by varying the value of w in equation (10) from 0 to 1 in increments of 0.0001. It was found that
w = 0.451, which corresponds to a value that slightly favors the ground-based measurement of the magnetic
field. The weighted method was calculated with respect to the exact solution ⟨B⟩ by minimizing the differ-
ence between the two (see inset plot in the middle-right of Figure 7). When w = 0.451 is plugged back into
equation (10), we get a value of Bw = 3.7973 × 104 nT. The altitude that this value for the radial component
of the magnetic field corresponded to from the IGRF profile in 10-km intervals, that was used to create the
benchmark solution, was ≈450 km. The difference from the benchmark solution for the weighted solution
was found to be 1.8 × 10−3%. We note that from Figure 2, the weight should be in favor of the ground value
because the average is to the right of the benchmark solution. This could imply that even a value slightly less
than w = 0.5 would be an improvement over the arithmetic average in this case. For satellite orbits at different
altitudes, especially eccentric orbits, it can be expected that the weight will be different.
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Figure 7. Comparison of the integration of the electron density with different methods to obtain a characteristic value
for the magnetic field. All methods have been normalized as a cumulative percentage as a function of altitude with
respect to the total Faraday rotation (received by a satellite) at 1,000 km for the benchmark solution. The inset shows the
difference from the benchmark solution (nT) as a function of weight. IGRF = International Geomagnetic Reference Field.

4. Conclusion

The FR effect can seriously affect 30 to 300 MHz VHF space communications systems that use linear polar-
ization. The accuracy of FR estimation from TEC measurements and TEC mapping from FR measurements is
limited by the accuracy of magnetic field measurements and models that are being used. Although it is known
that the strength of Earth’s geomagnetic field varies slowly at ionospheric altitudes, a characteristic value from
a reference altitude or mean value, although they are commonly used, may not always be appropriate. Empir-
ical magnetic field models such as IGRF are useful for general behavior, but are based on long-term averaged
data and neglect short time scale events. Likewise, electron density models such as IRI do not account for iso-
lated events, and the electron density is far more variable than the magnetic field. The arithmetic (or some
other) average from empirical models is not always reliable and measurements should be used, whenever
they are available. This is particularly important during high solar and geomagnetic activity, since magnetic
field models may not be capable to account for sporadic space weather events. Our numerical analysis has
demonstrated that FR for 1,000-km orbit can be calculated more accurately by applying a weighted aver-
age that favors the ground-based measurements rather than using a simple arithmetic average value for the
magnetic field based on satellite and ground measurements.

This manuscript has described the relationship between FR and TEC, reviewed past and current treatments of
the average magnetic field with respect to the relationship between FR and TEC, and presented results that
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show that some of these approximations may be inappropriate for certain applications requiring high preci-
sion (e.g., SAR imagery and CIT using FR as direct input or to obtain TEC values). The ADS-B signals, currently
produced by aircraft, offer a unique opportunity to be used for ionospheric sounding in addition to their main
operational purposes. This is similar to how GNSS systems have been used for ionospheric science in addition
to their intended purpose of geospatial positioning. One of the main benefits of considering ADS-B signals
and of the method proposed in this manuscript is that ADS-B receivers are able to distinguish and identify lin-
early polarized 1,090 MHz signals from different aircraft, which results in potentially hundreds or even up to a
couple of thousand independent FR measurements along different propagation paths (Cushley et al., 2017).
Another benefit is that aircraft fly in regions (e.g., over oceans) that are not amenable to using other instru-
ments to map the electron density or TEC, specifically oceanic regions and high/polar latitudes (Cushley &
Noël, 2014; Francis et al., 2011). In order to consider applying CIT using FR of ADS-B signals as input in order
to map these regions electron content, the parallel component of the magnetic field must be accounted for
accurately so that uncertainties rising from assumptions made about the magnetic field do not propagate to
the TEC estimation and CIT reconstruction.

A sensitivity analysis was performed to determine the resulting uncertainty for each method that was used to
obtain a characteristic value for the average parallel component of the magnetic field by comparing them to a
benchmark solution based on the IGRF. Nine methods were described in the paper that resulted in moderate
improvements in the calculated cumulative FR compared to the most common method based on a simple
arithmetic average. The first two methods assumed that both ground- and space-based measurements were
available to calculate the dipole average, as well as the weighted average. The results were shown to bias the
result toward the magnetic field value measured on the ground.

The exact solution for the characteristic parallel magnetic field value along the path may be calculated using
conjunctions between FR and TEC observations, which were assumed to be independently obtained. FR and
TEC measurements were assumed to be available from either the same satellite (e.g., ATS-6) or measured in
conjunction between two different satellite systems (e.g., TEC from GNSS and FR from ADS-B). Conjunctions
between two different satellite systems may be particularly useful for creating a map of ⟨B⟩ that could then be
applied to other systems and have possible uses for other applications. This would be different than maps of
the magnetic field at the surface or for a shell at a particular altitude. It would be a map of the altitude of the
effective parallel component of the magnetic field for FR calculations. By using measured FR and TEC using
vertical paths, the exact value for the effective parallel component of the magnetic field along the path can be
calculated using equation (4), and estimates of the cumulative FR over a propagation path can be improved.
More general geometries between the transmitting aircraft and passive satellite receiver(s) will be considered
in future studies.

Numerical results were presented in which the unmodified and modified formulas (equations (1) and (2),
respectively) for FR were compared with B evaluated inside and outside the integral. This method can be
applied to other satellite systems to determine the best method for other applications, such as satellites at
different altitudes, inclination angles (different latitudinal extents), and carrier frequencies.

The following are the specific conclusions based on information gathered during this study. An average value
for the magnetic field tends to overestimate the amount of FR because the magnetic field decreases as an
inverse cubic with respect geocentric distance. Although it was not presented here, in Figure 2 the curves
diverge at 1,000 km and continue to diverge as the altitude increases which shows that the uncertainty also
increases when satellites at higher altitudes are considered. For example, for a satellite at a much higher alti-
tude (e.g., geostationary) would measure a lower value for BSat , and the electron density would be integrated
over a much longer path. For a satellite in an orbit with a high eccentricity (e.g., Molniya), the preferred method
for estimating the effective parallel component of the magnetic field may be different at apogee and perigee.
This would be worthy of further investigation.

A weighted average in favor of the magnetic field values from lower altitudes was shown to improve the
results, even when the exact weight is not known (i.e., w = 0.49 gives better results than the arithmetic aver-
age, where w = 0.5). The weight is not 0.5, which would be the arithmetic average, but was found to be
w = 0.451 for this example. The study of Bw and the statistics used to arrive at this value will be the subject of
a forthcoming paper. The method using FR and TEC observation conjunctions provided the exact value for B
and can be used for satellites at any orbital altitude. The calculated magnetic field Bcalc from the FR measure-
ments and TEC estimates from measurements and/or maps is the best method in terms of minimizing the
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difference in the estimated value of the integral at 1,000 km. In this particular case, the altitude from the IGRF
profile that gives the closest value to ⟨B⟩ was 450 km.

Future work may include the following: considering elevation angles below 88∘, using existing satellite data
if it were made available (e.g., ATS-6, ADS-B), or Earth-moon-Earth propagation testing to obtain indepen-
dent FR and TEC observations over the same propagation path. These types of measurements could also be
crowd-sourced globally by the amateur radio community (Frissell et al., 2014; Silver, 2016) if a relatively sim-
ple nano-satellite was launched that transmitted linearly polarized signals (e.g., signals with a time stamp and
possibly other parameters such as health status, attitude, and telemetry).
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Chapter 7

Ionospheric sounding and tomography using Automatic

Identification System (AIS) and other signals of opportunity

7.1 Overview

The scientific results presented in this chapter are based on the following publication:

• Cushley, A. C. & Noël, J.-M., Ionospheric sounding and tomography using Auto-

matic Identification System (AIS) and other signals of opportunity. Submitted

to Radio Sci., Accepted 11 December 2019.

This study examined the potential feasibility of using AIS signals transmitted by

ships, as they propagate through the ionosphere to a receiver carried by the Irid-

ium NEXT satellite(s), as input to CIT techniques to reconstruct 2D maps of the

ionospheric electron content. In the first portion of the attached manuscript, a com-

parison was made with the results of ADS-B reconstructions presented in Chapter 4

to investigate how the change in carrier frequency affects the CIT reconstructions.

This was followed by a case study using a realistic distribution of AIS equipped ships

in the Philippine Sea. The final study was using a combination of AIS and ADS-B

synthetic data to perform the reconstruction.

7.2 The Study

A number of assumptions were made pertaining to the satellite design and proposed

orbit in Cushley [2013]; Cushley and Noël [2014] which required further investigation.

Many factors that are dependent on iterations to SMAD and space mission geome-

try such as orbit determination, antenna type, and pointing accuracy were difficult

to characterize beyond a reasonable envelope for the demonstrator satellite. The un-

known orbit as a secondary dependant launch contractor, or secondary payload, along

with the probability that the orbit would likely be much different for a future satellite
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constellation implied iteration to these design considerations and implications thereof.

Recently, the Iridium NEXT constellation has been launched and the constellation

has been operational since Feb 2019. Design parameters were re-evaluated using the

Iridium NEXT constellation as the basis for this investigation into the feasibility of

AIS signals for VTEC mapping and CIT.

The ultimate goal of the research presented in the attached paper was to show that

AIS could also be used as an independent source for TEC measurements to supplement

GIMs of VTEC in oceanic regions, where few if any measurements currently exist.

Due to the lower transmit cadence, it was originally hypothesized that there would

not be a sufficient number of signals to be used as input to CIT for a single satellite

pass. This is especially true in regions with lower ship traffic densities. The ability

to do CIT was a bonus! The ray-trace program also provided the opportunity to

compare the exact same distribution for two different frequencies (ADS-B and AIS)

to see how the reconstructions were affected. This information is useful since we could

use different types of signals of opportunity to perform a single CIT reconstruction.

Although the research in the paper as well as that presented in Chapter 4 is

mainly focussed on the reconstruction of the 2D electron content from the STEC

derived from FR observations, the STEC can also be used on its own particularly

when sufficient data is not available from one source to perform a reconstruction of

a particular region. For example, there may only be a single ship in the Antarctic

Ocean resulting in an insufficient number of signals for CIT, however the STEC can

be easily mapped to VTEC. The STEC is measured or inferred from other observables

along the ionospheric path from the transmitter to the receiver, making the measure-

ments dependent on the satellite orbital geometry, specifically the elevation angle.

To correctly map the VTEC as an estimation of the TEC above a certain coordinate

on the Earth’s surface, the STEC must be correctly converted into VTEC. In order

to accomplish this, a single thin layer model is often used, which assumes that the

electrons are concentrated in a layer of infinitesimal thickness located at altitude h

as shown in Fig. 7.1.

The VTEC can be estimated at each Ionospheric Pierce Point (IPP) using a



140

Figure 7.1: Geometry of single layer ionosphere model for mapping STEC to VTEC [Musa,

2007; Royal Observatory of Belgium, 2014].

mapping function MFI(el) which is a function of the elevation angle el, given by

MFI(el) =
STEC

V TEC
=

1

cos(z′)
(7.1)

where

sin(z′) =
RE

RE + h
cos(el) (7.2)

In Eqn. 7.1 RE = 6371 km is the radius of Earth and h is the altitude of the thin

shell, usually 300–400 km, and z′ is the ionospheric zenith angle.

Figure 7.2 shows a comparison of the multiplication factor used to convert STEC

to VTEC for a selected range of mean ionospheric heights from 300 to 400 km.

Differences occur depending on the multiplication factor can also be used to determine

STEC and consequent time delay at another elevation angle. This conversion does

not account for temporal or geographic TEC gradients, which produce additional

differences between VTEC and STEC.

7.3 Accepted Paper

The manuscript describing the analysis and modelling of synthetic AIS data for CIT

and VTEC mapping was accepted by the Journal of Radio Sci. in Dec 2019. Im-
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Figure 7.2: The multiplication factor used to convert STEC to VTEC for a selected range of

mean ionospheric heights from 300 to 400 km. At 25 degrees elevation, the time delay calculated

for zenith would be approximately doubled due to the greater TEC encountered along an oblique

path. Adapted from Klobuchar et al. [1973].
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Ionospheric Sounding and Tomography Using
Automatic Identification System (AIS)
and Other Signals of Opportunity
A. C. Cushley1 and J.-M. Noël1

1Department of Physics, Royal Military College of Canada, Kingston, Ontario, Canada

Abstract Numerical modeling has demonstrated that Automatic Identification System (AIS) signals
can be used not only to estimate vertical total electron content (TEC) to supplement current TEC maps and
data assimilation models but also to reconstruct two-dimensional (2-D) electron density maps of the
ionosphere using computerized tomography. A ray tracing model was used to determine the characteristics
of individual linearly polarized waves transmitted by ships to satellites in circular orbits at 780- and
1,000-km altitude, including the wave path and the state of polarization at the satellite receiver. The
modeled Faraday rotation was computed and used to calculate the TEC along the ray paths. The resulting
TEC was used as input for computerized ionospheric tomography using the algebraic reconstruction
technique. This study concentrated on reconstructing mesoscale structures 25–100 km in horizontal
extent. The primary scientific interest of this study was to show that AIS signals can be used as a new
source of input data for computerized ionospheric tomography to image the ionosphere and to obtain a
better understanding of magneto-ionic wave propagation.

1. Introduction
1.1. TEC Mapping
Total electron content (TEC) is defined as the integrated electron density within a column of ionospheric
plasma having a cross-sectional area of one square meter. Among a variety of other applications, TEC mea-
surements are used as the input to computerized ionospheric tomography (CIT) in order to reconstruct
electron density maps.

There are two different types of TEC to consider: slant TEC (STEC) and vertical TEC (VTEC). The STEC is
the integrated electron density along a propagation path of any elevation angle and length. For modeling
purposes, the VTEC value is usually given for a zenith path with unit cross section. Typical values for this
VTEC column can vary from 1016 to 1018 el/m2, with the peak occurring on the dayside near (but not exactly
at) the equator (The International Telecommunications Union, 2003). VTEC models and maps are used to
improve satellite communications and navigation and in particular for positioning accuracy of GPS. TEC
maps can also be used to estimate time delay and Faraday rotation (FR) of satellite signals (Jehle et al., 2009).
VTEC maps are also of interest to radio astronomers and ionospheric physicists because ground-based astro-
nomical observations must account for the ionospheric effects and be corrected (Campbell, 1999; Erickson
et al., 2001; Ruzmaikin & Sokoloff, 1979; Ros et al., 2000; Sotomayor-Beltran et al., 2013).

Maps are regularly produced by using the differential phase between two Global Navigation Satellite Systems
(GNSS) frequencies (Choi et al., 2006; Max van de Kamp, 2012). For example, a TEC map and its associated
TEC errors are shown in Figure 1. These maps are readily available from the Ionosphere Monitoring and Pre-
diction Center, operated by the German Aerospace Center (DLR) at the Neustrelitz location. The top panel
shows a global TEC map for a shell height of 400 km. The locations of GNSS receivers are depicted as the
white dots in the bottom panel. Note that these ground-based receivers are constrained to land mass, with
few at high latitudes due to significant requirements for infrastructure (power, networks, access, etc.) and
a hospitable climate. The bottom panel shows a map of the errors associated with the VTEC map in the top
panel. Note that the largest errors occur over oceanic, mountainous, and high-latitude regions (denoted by
the light blue color). The errors are derived from uncertainty in the GNSS measurements and error propa-
gation based on the modeling and data assimilation process. The errors are reduced in the dark blue regions
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Figure 1. (top) Global VTEC map derived from ground-based GNSS measurements. (bottom) Error of the VTEC map
shown in the top panel derived from errors and uncertainties of the GNSS measurements and propagation based on the
modeling and data assimilation process. These maps are available from the Ionosphere Monitoring and Prediction
Center (IMPC), operated by the German Aerospace Center (DLR) at the Neustrelitz location.

where there is a high density of observations available while it is greater in regions where fewer observations
are available and where the TEC values are based solely on a model.

In order to address the gaps in coverage and to supplement current VTEC maps as well as consideration of
new sources for tomographic imaging of the ionospheric electron content, we consider signals of opportunity
originating from aircraft and ships. These sources of signals have the advantage of not being constrained
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to land masses. These are so-called “free” transmitters for the purpose of ionospheric sounding since they
serve other operational purposes (e.g., the tracking of ships and aircraft).

1.2. AIS
Ship detection has been made possible by a combination of remote sensing data as well as from other sources
such as Automatic Identification System (AIS) (Greidanus, 2005). AIS is a marine vessel tracking and mar-
itime situational awareness technology that is used to monitor and control marine traffic, particularly in
high traffic areas such as ports and harbors.

AIS is a technology developed to track the position and movement of ships through intermittent broad-
casts of their identity, itinerary, and position state vectors to ground- and satellite-based receivers and to
other nautical traffic within range. AIS was initially conceived as a safety augmentation system so that ves-
sels could be tracked in coastal waters by maritime agencies and ship operators. Before AIS, ships had to
communicate with local receiving stations, which placed two main restrictions on the ability to track these
vessels. First, communications were restricted to line-of-sight (LOS) meaning that once vessels were over
the horizon in the open ocean there was no way to monitor their activities using voice communications or
radar. Second, marine agencies had to rely on the accuracy of the information that they were being provided
from the ships themselves. The accuracy of the information could be affected by issues with the navigational
instruments and/or human error, or even deliberately corrupted because of potential illegal activities that
the vessel may be engaged in. “The reality was that there were 60 000 ships carrying 9 trillion dollars in cargo,
and when the captain went over the horizon, unless he sent a signal, no one knew where he went”—John
Allan ExactEarth (Amos, 2012).

AIS addressed this shortcoming as well as provided other benefits including enhanced ranging and sepa-
ration distinction capability with a reduced footprint for ground support infrastructure among others. To
briefly summarize the benefits of AIS, equipping larger vessels with this system has led to improved capa-
bilities in maritime traffic monitoring, control, and as a consequence improves maritime safety, security,
and efficiency by providing timely, cost-effective wide-area surveillance in high-traffic regions such as ports.
By equipping smaller vessels like fishing fleets with inexpensive AIS transceivers, the system is used as an
important tool for fisheries management as well as to combat piracy. Ships transmit 161.975-MHz (Marine
ch 87) or 162.025-MHz (ch 88) beacons that include state vectors derived from on-board GPS receivers and
other instrumentation.

AIS networks that monitor marine traffic have already been deployed around the world in high-volume
marine traffic areas such as ports, harbors, and canals, but as we all know, ground stations cannot be
installed mid-ocean and are difficult to maintain in the Arctic. These limitations are similar to many other
ground-based technologies (Cushley & Noël, 2014). The lack of coverage over mid-oceanic and high-latitude
waters has been alleviated by using a constellation of satellites to allow for worldwide tracking of vessels. As
a result, AIS data are collected from space using a constellation of nine satellites that provides total global
coverage.

The exactEarth is a publicly traded Canadian data services company that has pioneered global maritime
vessel data monitoring by using spaceborne AIS receivers for ship tracking and maritime situational aware-
ness. Since its establishment in 2009, exactEarth has provided a powerful maritime surveillance tool
called Satellite-AIS (S-AIS), producing regional and global maritime pictures of the world's oceans, unre-
stricted by the terrestrial limitations that would be encountered using ground-based technologies. In 2015,
exactEarth announced the successful launch of its ninth AIS satellite, exactView-9 (EV9) to expand and
compliment the constellation that was currently being used for global vessel monitoring (exactEarth, 2016).
EV9 employs a next generation AIS payload that would support exactEarth's patented ground-based AIS
spectrum processing technology in order to deliver superior detection performance.

The AIS satellites have orbital periods of 97 min, making the constellation of polar orbiting satellites capa-
ble of providing adequate coverage, particularly for busy tropical shipping regions of the world with high
maritime traffic density (exactEarth, 2015). More recently, the constellation has been expanded with 58
additional hosted payloads on-board the Iridium NEXT satellites (de Selding, 2105).

There are two classes of AIS transponders called Class A and Class B. AIS Class A transponders are required
on larger self-propelled vessels, including commercial vessels carrying dangerous cargo or more 150 passen-
gers. AIS Class B was designed to give smaller vessels like fishing industry vessels comparable but reduced
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tracking capabilities. Class A transponders are prioritized and displayed to other ships in the area. Class B
are transmitted at lower power (2 W as opposed to 12.5 W for Class A) and will be not be displayed to Class
A ships until there is room on the AIS channel. EV9 also provides high-performance detection of low power
Class B AIS transceivers, for the small vessel market (exactEarth, 2015).

AIS signals are transmitted at different intervals for different classes of AIS. Class A transponders broadcast
every 2 to 10 s while underway, and every 3 min while moored. Position updates for Class B transponders
are broadcast less often than Class A transponders. Vessels traveling slower than 2 knots (∼1 m/s) transmit
position updates every 3 min while vessels traveling faster than 2 knots transmit position information every
30 s (Marine, 2018). Therefore, for this study, the ships with Class A transponders that are underway in high
ship traffic density regions are of more interest than those that are moored because there will be a greater
number of signals that are transmitted during a single satellite pass in this type of scenario.

The AIS infrastructure is composed of an operational data processing supply chain employing a constellation
of satellites, receiving ground stations, patented decoding algorithms and advanced “big data” processing
and distribution facilities. exactEarth utilizes a network of high data rate ground stations to enable rapid
distribution of the data to global customers. This system provides the most comprehensive picture of the
locations of AIS-equipped maritime vessels in the world and allows exactEarth to deliver data and informa-
tion services characterized by high performance, reliability, security, and simplicity to large international
markets (exactEarth, 2015).

AIS signals transmitted by ships are received by a satellite constellation and relayed to a ground network
in near real time. The AIS constellation provides updated information on identified vessels, including their
respective locations and a wide range of other relevant maritime geospatial information at least once per
hour. This same space mission analysis and design architecture was the inspiration for a proposed deploy-
ment of space-borne Automatic Dependent Surveillance Broadcast (ADS-B) transceivers to monitor air
traffic (Francis et al., 2011).

GNSS technology such as the NAVSTAR GPS is an enabling technology for AIS, Automatic Packet Reporting
System (APRS), and ADS-B. APRS is a radio-based digital communication protocol developed and utilized
by the amateur radio community to report and track the position and status of APRS-equipped stations.
Besides providing autonomous geospatial positioning, GNSS has also been used to provide measurement of
the ionospheric TEC (Austen et al., 1986; Choi et al., 2006; Hartmann & Leitinger, 1984; Max van de Kamp,
2012).

These additional transmitters and ray paths would improve the spatial sampling suitability for the CT meth-
ods proposed by Cushley and Noël (2014) for ADS-B. An example of the global distribution of maritime
traffic, showing the potential number, density and distribution of AIS-equipped vessels is presented in
Figure 2.

1.3. ADS-B
ADS-B is a technology similar to AIS that was developed to track the position and movement of aircraft
through intermittent broadcasts containing information about their identity, itinerary, and position state
vectors to ground-based receivers and other aircraft within range. In fact, the potential for ADS-B mon-
itoring from a space-based platform was inspired by the AIS architecture (Francis et al., 2011). ADS-B
coverage is particularly useful for oceanic and polar regions, where coverage from another source is other-
wise unavailable. These regions also correspond to the largest errors for TEC maps (see Figure 1; Jakowski
et al., 2011). Therefore, using ADS-B measurements in those particular areas could improve the accuracy of
the TEC maps.

One of the main benefits of considering ADS-B signals as a source of electromagnetic (EM) soundings sig-
nals is that ADS-B receivers are able to distinguish and identify signals from different aircraft, resulting
in potentially hundreds or even thousands of independent FR measurements along different propagation
paths. The ADS-B signals, currently originating from aircraft, offers a unique opportunity to be used for
ionospheric sounding in addition to their operational purpose. This was already discussed in Cushley and
Noël (2014) and is similar to how GNSS systems have been used for ionospheric science in addition to their
original intended purpose of geospatial positioning. An in-depth study using ADS-B signals as input for CIT
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Figure 2. A map taken from MarineTraffic (www.marinetraffic.com) showing the last known positions from 84 449 vessels for 11 Oct 2018 at ∼1pm EST.

was undertaken in Cushley (2013, 2014). Those results will be compared directly with the AIS results pre-
sented in this manuscript in order to evaluate AIS as a potential independent source of CIT data. In addition,
ADS-B synthetic data will be merged with modeled data from AIS.

2. Theory
2.1. Ionospheric Sounding
When EM waves propagate through the electrically charged ionosphere in the near-Earth space environ-
ment they are modulated and can provide an exceptional opportunity to model the medium through, which
they have passed. Modeling the electron density of Earth's ionosphere (and plasmasphere) in general is
essential in determining the state of ionospheric activity. This information can be used to correct for prop-
agation delays in satellite communications, predicting space weather, and ionospheric disturbances due to
geomagnetic storms, solar flares (Jin et al., 2006), and the neutral atmosphere (Frissell et al., 2016).

Using AIS data for ionospheric sounding creates a novel opportunity to study the propagation characteris-
tics of VHF radio waves through the ionosphere originating from the transmitting ships to passive satellite
receivers.

For this study, AIS signals were selected because the AIS frequency allows for robust operational com-
munications and measurable perturbation due to ionospheric effects and due to the spatially dense data
set estimated by the geometry between multiple transmitting ships and the passive satellite receivers (see
Figure 2).
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This work sets out to demonstrate the potential use of a single payload for improving marine traffic man-
agement as well as scientific observation of the ionosphere. To the knowledge of the authors, the topic of
ionospheric sounding using AIS signals has not been reported prior to this work. However, it was proposed
in Cushley (2015). The main scientific purpose of this study is to investigate the potential exploitation of AIS
operational data and to contribute to current methods of ionospheric electron density mapping in oceanic
regions where ground-based sensors cannot be located and to compare these results with those obtained
using ADS-B.

A secondary benefit of this research is to communicate that linearly polarized single frequency signals that
are used for operational purposes may also be used to contribute to ionospheric sounding if the frequency,
antenna configurations, and signal timing accuracy are taken into account during the mission design pro-
cess. This can all be achieved with very little to no alteration and/or additional expenses to the primary
mission and may offer a data product or funding opportunities to lower the cost of the original primary
mission.

In order to characterize the ionospheric electron content under different transmitter placement scenarios,
ray path geometries, and geomagnetic and solar conditions, the current study combines knowledge that can
be extracted from EM wave propagation theory and ionospheric electron density and geomagnetic models to
produce independent static data of the wave path and polarization state that will be received at the satellite
receiver.

2.2. FR
The ionosphere can be considered a birefringent medium due to the geomagnetic field (Hartmann &
Leitinger, 1984; Orfanidis, 2008). An EM wave propagating through a magnetized plasma decomposes into
two propagation modes called the ordinary and extraordinary modes (or O mode and X mode, respectively),
having different indices of refraction and polarization due to the external terrestrial magnetic field (Chen,
1984). When collisions between neutral and charged particles are neglected, the refractive indices of the
two modes are given by the Altar-Appleton-Hartree dispersion relation (Appleton & Builder, 1933; Gillmor,
1982; Hartree, 1929):

n2 = 1 − X

1 − Y 2sin2𝜃

2(1−X)
±
√

Y 4sin4𝜃

4(1−X)2
+ Y 2cos2𝜃

(1)

where 𝜃 is the aspect angle of the wave, X and Y are the ratios of the plasma frequency𝜔p, and gyrofrequency
𝜔c to the angular radio wave frequency 𝜔, respectively (Schunk & Nagy, 2000) namely,

X =
(
𝜔p

𝜔

)2

, Y =
𝜔c

𝜔
(2)

The plasma frequency describes the oscillation of the electron density for a cold neutral plasma. If thermal
motion is neglected, and electrons are displaced with respect to the relatively heavy ions, the Coulomb force
acts as a restoring force.

The refractive index for the two modes is determined by the positive (O mode) and negative (X mode) sign of
the denominator in equation (1). Examining the cases when propagation of the wave is parallel or antipar-
allel to the external magnetic field (i.e., the aspect angle 𝜃 = 0◦ or 𝜃 = 180◦) the index of refraction for each
mode is given by (Chen, 1984),

n2 = c2

v2
𝜙(O)

= 1 −
𝜔2

p∕𝜔
2

1 + 𝜔c∕𝜔
(O − mode) (3)

n2 = c2

v2
𝜙(X)

= 1 −
𝜔2

p∕𝜔
2

1 − 𝜔c∕𝜔
(X − mode) (4)

where c = 3 × 108 m/s is the speed of light in a vacuum.

The refractive indices, and consequentially the phase velocities (v𝜙), are different for each mode of prop-
agation (Budden, 1961; Chen, 1984). The imbalance between the phase velocities induces a change in the
orientation angle of the polarization ellipse (Budden, 1961; Canada Centre For Remote Sensing, 2007). This
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is known as FR. The magnitude of the rotation is proportional to the integrated product of the electron den-
sity, ne(l), along the ray path or plasma column and the strength of the parallel component of the magnetic
field bz(l), and inversely proportional to the square of the frequency as follows, (Kraus, 1966)

Ω = e3

8𝜋2𝜖om2
e c𝑓 2 ∫

l

0
ne(z)b||(z) dz (5)

where the FR is denoted by Ω and is measured in radians, e = 1.602 × 10−19 C is the elementary charge,
me = 9.109× 10−31 kg is the mass of an electron, 𝜖0 = 8.854× 10−12 C2/N 𝑓

.
𝑓 lm2 is the vacuum permittivity,

and 𝑓 is the frequency of the radio wave. The electron density ne is in electrons per cubic meter while the
parallel magnetic field b||(z) is in teslas.

The TEC along the path or within the plasma column of unit cross section is defined by

TEC = ∫
zmax

0
ne(z) dz (6)

where TEC is the integrated electron density along the path length l from z = 0 to zmax.

Although TEC is highly variable, typically, the daily global maximum TEC is found to range between 80
and 200 TECu (1 TECu = 1016 electrons m−2) over equatorial regions at solar maximum conditions (NASA
Jet Propulsion Laboratory California Institute of Technology, 2014; Wahi et al., 2005; Zhao et al., 2009) and
generally decreases with latitude (Soicher & Gorman, 2012).

Using the AIS wavelength (𝜆 = 1.85085 m for 161.975-MHz AIS) in equation (5), the FR can be written as

Ω = 9.007 × 10−13 ∫ ne(z)b||(z) dz. (7)

Ω = 9.007 × 10−13BavgTEC. (8)

where Bavg is the average z component of the magnetic field along the path. In equation (7) the parallel
component bz was assumed to be a constant value Bavg and taken out of the integral. The TEC values are
computed by rearranging equation (8) for the modeled FR. The average magnetic field Bavg is computed
using the International Geomagnetic Reference Field (IGRF) model data (International association of geo-
magnetism and aeronomy, Working Group V-MOD, 2010). Although the magnetic field can be treated more
accurately using the method described in Cushley, Noël, et al. (2017), IGRF can be considered sufficient for
this concept demonstration and can be compared directly to the results obtained by Cushley and Noël (2014)
in their study for ADS-B signals.

The TEC values and ray endpoints are used as the input to CIT in order to reconstruct the resulting electron
density maps. Alternatively, reconstruction using FR directly as input rather than TEC could be used and
will be considered in a future paper.

In Figure 3 we show plots of equation (5) for given values of TEC ranging from 1 TEC unit to 1,000 TECu as
a function of frequency. We remind the reader that the intended use of AIS and ADS-B is robust operational
communications in support of marine and air traffic safety, and that signal modulation and degradation
are generally undesirable. Therefore, these frequencies are favorable selections. A signal having a lower
frequency would undergo a greater amount of FR yielding better data for CIT but could become unusable
or infeasible due to volume, power, and mass considerations aboard the satellites due to the requirement of
higher gain transmitters and/or larger antennas. A signal with a much higher frequency would propagate
through the medium relatively unaffected and therefore would be suitable for communications, but the FR
may not be detectable and would not be amenable for this type of study. Changes in the FR angle that are
less than 1◦ are considered to be below the current detectable threshold of instruments on board an orbiting
satellite (Anderson et al., 2011; Dhar et al., 1977; Rogers & Quegan, 2014).

In fact, most satellite communications systems utilize circular polarization in order to mitigate the FR effect
and signal fading associated with the satellite changing its orientation combined with changing polariza-
tion as the signal encounters any anomalies traveling through the ionosphere (Orfanidis, 2008). The rotation
of a linearly polarized signal can result in polarization mismatch between the transmitting and receiving
antennas. Circular polarization can be used to make communications more robust and avoid the negative
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Figure 3. FR increases as a function of TEC and decreases as a function of frequency. The solid vertical black lines
indicate the 162.025-MHz AIS and 1.090-GHz ADS-B frequencies. The dashed horizontal black line denotes a half turn
𝜋 of the FR. This is the point at which there is an n𝜋 ambiguity in the measurement of the FR.

consequences of FR. For example, GNSS systems use circular polarization so that the orientation of the
ground-based receiver does not necessarily matter and the receivers can be used to receive multiple GNSS
signals from different satellites in dynamic geometries simultaneously. Similarly, a circularly polarized sig-
nal transmitted from a stationary terrestrial transmitter can be received by a satellite that is moving at a
relatively high velocity, and potentially even when it is tumbling. Without robust and precise attitude con-
trol, as well as knowledge of the initial polarization and pointing direction of the transmitted signal, a linear
signal may not be received, not because the signal strength is not strong enough, but because the transmitting
and receiving antennas are orthogonal to one another.

It is evident from Figure 3 that the amount of FR expected for the ADS-B transmission even for unrealisti-
cally high values of TEC is clearly less than 𝜋 radians. Therefore, we would not expect a n𝜋 ambiguity for
the ADS-B operating frequency. Even if ambiguity was an issue, it could be dealt with by using the rate of
rotation rather than the absolute rotation angle to determine the change in TEC (i.e., we could use dTEC)
over consecutive epochs as input to CIT, rather than TEC estimated from the FR.

Another signal that could potentially be used for CIT is the APRS signals. APRS is a linearly polarized
beacon signal that could also be considered in addition to ADS-B and AIS, but it was not explored in any
great detail in this paper other than to examine the FR due to APRS to compare it with AIS and ADS-B.
For illustrative purposes the FR expected from APRS is compared as a TEC observable in Figure 4. APRS is
primarily used over land and operates at the lowest frequency of the systems considered making the FR 𝜋

ambiguity potentially an issue to be considered.

A comparison of the FR estimates for ADS-B (solid black line), GPS L1 (green) and L2 (blue) bands, AIS
marine channels 87 (cyan) and 88 (dashed black), and APRS (red) and is presented in Figure 4. The TEC
values were selected to represent a range of typical values (and beyond) after consulting the literature, for
example, global ionosphere TEC maps can be obtained from NASA Jet Propulsion Laboratory California
Institute of Technology (2014) NRCan. These characteristic values were selected and used to calculate and
to compare the degree of rotation expected for each type of signal using equation (8), given their respective
frequencies and the average radial component of the magnetic field using values from IGRF (for 5:25 UTC
on 19 October 2012 at 12.87◦ latitude and 130◦) and the altitude of each satellite system, respectively.
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Figure 4. FR as a TEC observable; a comparison of the expected FR from equation (5) for ADS-B, GPS L1 and L2, AIS (
161.975 MHz (ch 87) and 162.025 MHz (ch 88)), and APRS.

AIS receivers have been flown on the exactView (EV1-9) constellation of satellites operated by exactEarth Inc
at orbital altitudes of 810 km; however, the next generation of receivers are hosted payloads on the Iridium
NEXT constellation at 781 km (exactEarth, 2016). In this paper we chose an altitude of 781 km to compare
the results obtained from AIS and ADS-B. Although Cushley and Noël (2014) used 1,000-km altitude in their
study for ADS-B, since it is now a hosted payload on the Iridium NEXT constellation we choose 781 km as
the orbital altitude of ADS-B to allow direct comparison and potential conjunctions between data sets.

For Figure 4, the average radial magnetic field is 6,542 nT for both AIS and ADS-B at an altitude of 781 km,
3,993 nT for GPS at 20,200 km, and 7,111 nT for APRS at 408 km. The wavelengths are 1.85 m for AIS
(1.8509 for ch 87 and 1.8503 for ch 88), 0.27 m for ADS-B, 2.07 m for APRS, and 0.19 and 0.24 m for GPS
L1 and L2, respectively. The amount of FR expected for the ADS-B frequency for each of the TEC values
is shown as the black trace. The FR for the GPS L1 and L2 bands are shown by the green and blue traces,
respectively. The amount of FR computed for the two AIS frequencies are shown by the cyan and dashed
black traces while the red trace shows the FR computed for APRS. The horizontal dashed lines show the
limits where the FR measurements would be undetectable (below 1◦) or be ambiguous (above 180◦).

Most notable in Figure 4 is that for a given TEC value the FR will be least, or have less variation as a TEC
observable for the GPS carrier frequencies (blue and green traces) compared to the AIS (cyan and dashed
black traces), ADS-B (black) or APRS (red) signals. We note that GPS signals are transmitted with circular
polarization, but the same cannot be said about the received signal. The fact that GPS receivers are not
designed to infer the polarization of the received wave is a limitation of the current receiver design; however,
it is possible to measure polarization of GPS signals as was shown by Benton and Mitchell (2014).

Also notable in Figure 4 is that the FR for both the APRS and AIS measurements may have ambiguity due
to phase wrapping, which occurs at ∼39 and ∼53 TECu, respectively. Although a value of 1,000 TECu may
not be realistic, it is used to show the extreme conditions under which the FR measurements may become
ambiguous (≥180◦) for certain carriers. Any polarization measurement has an ambiguity associated with
it of any integer number (n = 0, 1, 2, … ) of half turns 𝜋, which makes it difficult to distinguish between
polarization angle measurements 𝜒 and 𝜒 ± n𝜋 (Ruzmaikin & Sokoloff, 1979). Methods to interpret or
mitigate phase wrapping were previously discussed in section 1.2, although a sanity check could also be
applied, particularly if AIS and ADS-B data are both available on the same satellite. The potential may also
exist to use one data set during quiet conditions and the other during active conditions, using AIS, which
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Figure 5. (left) Initial electron density profile for geomagnetically quiet conditions generated using the IRI model.
(right) A contour plot of the initial electron number densities prior to the addition of the enhancement.

is more sensitive to lower TEC values when TEC is below a given threshold (e.g., 13 TECu corresponding
to the detectable limit of current FR measurements of 1◦ for ADS-B) and ADS-B when it is above another
threshold (e.g., 53 TECu when AIS is ambiguous), and amalgamated data sets between 13 and 53 TECu. The
best signals are those which remain unambiguous under normal ionospheric conditions while providing
the most measurable change in Ω as the TEC varies, making AIS and ADS-B the best signals to consider in
this technique.

2.3. Ray Tracing
An EM wave ray tracing model developed by Gillies et al. (2007) was used to generate synthetic ADS-B and
AIS data to compute the wave path and the polarization state of the transmitted signal received at the satel-
lite. The ray trace program, based on the ray formalism developed by Haselgrove (1963), uses equation (1)
to determine the indices of refraction of a radio wave in a magneto-ionic medium. This model provides the
group velocity and rate of change of the wave vector direction. Inputs to the ray trace program include the
initial wave vector direction, the wave frequency, and a set of propagation conditions such as the magnetic
field vector and an electron density profile for the ionosphere. The program computes the path of the waves
of a given frequency that both the O mode and X mode take from the initial position of the transmitter to
the satellite receiver.

The initial polarization orientation of the wave leaving the ship must be known. For the purpose of this
work all waves were assumed to be vertically plane polarized for AIS (Kyovtorov et al., 2012; The Interna-
tional Telecommunications Union, 1998; Parsons et al., 2013) and ADS-B (Radio Technical Commission for
Aeronautics, 2003; Haque et al., 2013). In reality, the initial polarization of the wave may be significantly
different but would be constant for any given ship. While ships offer a relatively stable platform, aircraft ori-
entation (banking and climbing) may affect the orientation of the transmitted signal. That information is
part of the ADS-B packet and the initial orientation of the polarization can be determined. For the purpose
of tomography the initial orientation does not necessarily need to be known since the rate of rotation over
consecutive epochs (between aircraft-satellite pairs) rather than the absolute value can be used (Klobuchar
& Liu, 1989) to provide dTEC rather than absolute TEC.

The ray trace program was used to generate TEC outputs from rays that passed from given locations, at a
given elevation angle through a 2-D electron density profile to a specified satellite location (Gillies, 2006,
2010; Gillies et al., 2007). The model was used to show that the FR of the signals received by the satellite
should be detectable. Previous work by Yueh (1999) has shown that FR can be used to obtain the TEC along
the paths. The computed TEC and ray path geometry are then used to reconstruct the electron density profile
that the EM waves propagated through.

In the left panel of Figure 5 we show an electron density profile generated using the International Reference
Ionosphere (IRI) (Bilitza, 2007; Bilitza et al., 2011) that was used to produce the uniform standard quiet
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Figure 6. An illustration of a signal ray path passing through illuminated
pixels (blue) within a portion of the 2-D reconstruction grid (yellow). Each
blue pixel is Δz = 10 km in altitude Δ𝜃l = 0.25◦ in terms of the geographic
latitude.

background electron density map shown in the right panel of Figure 5.
This uniform electron density map was used to superimpose all the mod-
eled density enhancements to create 2-D electron density maps through
which to pass rays. The new maps were used as input to the ray trac-
ing model to simulate a ray leaving from a ship, passing through the
ionospheric enhancement and received by the satellite. Measuring (or
modeling in this case) the polarization angle of the received wave and
knowing the initial polarization of the wave, the FR for the ray path can
be computed.

2.4. Reconstruction
A complete description of the standard reconstruction techniques used
in our case studies can be found in Cushley and Noel 2014 (section 2.3)
and the references within. We only briefly review the procedure here.

For each and every STEC measurement, there is an equation of the form
of equation (9). The STEC measurement of the ray path can be repre-
sented as a series of finite summations of shorter integrals along segments
of the ray path length di𝑗 (the contribution of ray i to pixel 𝑗).

STECi =
𝜌∑

𝑗=1
ne𝑗di𝑗 + Δi (9)

where Δi is the uncertainty associated with the integrated pixels 𝑗 for a
given ray path i due to discretization errors and measurement noise.

Rather than working with such a large system of equations, matrix
notation is useful

STECi×1 = Di×𝑗 × Ne 𝑗×1 + Ei×1 (10)

where STECi×1, Ei×1, and Ne 𝑗×1 are column vectors of i measurements of STEC, i associated error values,
and 𝑗 unknown pixel values ne𝑗 , respectively. The matrix Di×𝑗 is the geometry matrix, with element di𝑗 equal
to 1 if ray i traverses pixel 𝑗, and 0 otherwise (see Figure 6). The STEC is the known modeled or measured
quantity while the matrix D is computed from the time-tagged transmitter and satellite receiver state vectors.

The matrix D is often called the weight matrix when the analysis of the ray geometry is made to be more
elaborate based on several other factors such as the length segment of the ray for each pixel, or the relation-
ship of a pixel to its neighboring pixels (Max van de Kamp, 2012). The simplest form for D is a logical index
with a row depicting each ray, and columns for each pixel value in the reconstruction grid.

A rectangular grid can be used to represent a 2-D slice of the ionosphere as shown in Figure 6. To represent
the interior structure of the ionosphere, the grid is subdivided using a constant Δz = 10 km in altitude from
the Earth's surface, and a constant Δ𝜃l = 0.25◦ in terms of the geographic latitude. The endpoints for each
ray are available from the GPS positions of the time-tagged AIS transmissions, and the satellite's on-board
GPS receiver, telemetry, or possibly two-line element sets and orbit propagation software for signal time of
arrival positions.

For illustrative purposes, a single ray leaving the transmitter and assuming a straight line approximation, the
pixels in blue would be assigned a value of 1, while those in yellow would be assigned a value of 0. In Cushley
(2013) several different grid sizes (gx × g𝑦) were tested. For all the results in Cushley and Noël (2014) a grid
of 100 × 100 pixels having intervals of 10 km in altitude and 0.25◦ in latitude was selected. The depth of the
pixels (or voxels) in the grid gz, or the longitudinal extent over which data were simulated and for which the
2-D reconstruction was representative of the electron density was chosen to be 1◦ (i.e., the electron density
was assumed to be uniform over a 1◦ slice of longitude).

The TEC measurements, or the sum of the electron content along the ray paths from transmitting ships to
the passive satellite receivers, may be inverted and reconstructed to acquire a 2-D ne map along a slice of
longitude. The relative TEC along each ray path i can be expressed as a line integral of the electron densities
(Ne( 𝑗)) along path i and is similar to the Radon transform of conventional tomography (Kak & Slaney, 1988).
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FR measurements, once they have been converted to STEC constitutes a system of linear equations from
which the solution may be sought. If the time component for all data within the specified collection period
is neglected, the STEC can be written in terms of the electron density Ne in equation (11) as a function of
pixel x in the reconstruction grid as follows

STECi = ∫
l

0
Ne( 𝑗)dl. (11)

where Ne( 𝑗) is a vector of 𝑗 unknown pixel values and dl is an element of the matrix D, which relates the
contribution of the measured value of STECi to pixel ne𝑗 . Inversion of these relative TEC measurements
using the ambient CIT imaging geometry constitutes the tomographic image reconstruction process.

The Algebraic Reconstruction Technique (ART) inversion algorithm was used to determine the unknown
pixel intensity ne𝑗 . Using a successive iteration approach, the pixel intensities are modified to allow the
projection through the pixels (DNe) to approach the measured projection (STEC).

The ART algorithm can be implemented using the following equation (Choi et al., 2006).

Nk+1
e = Nk

e + 𝜆k

STECi −
𝜌∑

𝑗=1
di𝑗nk

e𝑗

𝜌∑
𝑗=1

di𝑗di𝑗

Di (12)

where 𝑗 is the pixel number, k is the iteration number, 𝜆k is a relaxation parameter, Nk
e is a vector of the

ionosphere electron densities (nk
e𝑗) for the kth iteration, and Nk+1

e is a vector of the modified values of the
electron densities (nk+1

e𝑗 ) for the kth + 1 iteration. The vector STECi contains the TEC measurements taken
over various elevation angles and slant ranges. The matrix D relates the ray data to the pixels in the recon-
struction grid; there is a row for each ray, and column for each pixel in the reconstruction grid (100 × 100).
The STECi contribution to pixel 𝑗 from ray i in the matrix D is di𝑗 . The ith row of D is Di, and 𝜌 is the total
number of pixels in the reconstruction grid, in this case 104 pixels.

ART forms the basis of most of the other pixel-based methods, for example, Simultaneous ART and Simul-
taneous Iterative Reconstruction Technique (Tessa et al., 2007), multiplicative algebraic reconstruction
technique (MART) (Atkinson & Soria, 2007), and decomposed algebraic reconstruction technique (Kunitsyn
et al., 1994, 1995). Although many other methods and algorithms exist ART has been widely used and is
well documented.

The ART method is affected by numerical uncertainties that are introduced by inconsistencies in the system
of equations. It is possible to reduce the negative effect of the uncertainties by using a relaxation parameter
𝜆k. The parameter 𝜆k is generally referred to as a relaxation parameter, but it is in fact a regularization factor
from regularization techniques (Tikhonov & Arsenin, 1977; Tikhonov & Goncharsky, 1987). The relaxation
parameter can be iterative or chosen to be constant for each iteration in order to control the convergence
rate of the algorithm and maintains the stability of the numerical method. The value for 𝜆k is confined
between 0 < 𝜆k < 2 (Hackbusch, 1994). After considering the literature sources for GPS CIT using ART a
conservative value of 𝜆k = 0.005 was used for all iterations (Choi et al., 2006).

The ART technique can use an initial guess or a priori estimate to perform the reconstruction, which
converges in an iterative manner. For this particular investigation on the feasibility of using AIS radio occul-
tation data as an input to CIT, ART was considered to be a reasonable method as a first-order evaluation.
Any benefits from more complex algorithms would only add to the computational expense of the task. If
reconstruction of the ionospheric electron density was possible using ART, it would certainly be possible
and probably refined using more complex algorithms.

The effect of the curvature of the Earth was taken into account in the ray tracing program by computing the
elevation as a function of range-to-target height integrated through the input electron density and geomag-
netic model. This was shown to be computationally intensive so for the purposes of the reconstructions of
the rays a LOS approximation was used. This means that we neglected diffraction, bending or refraction due
to the Earth's atmosphere, as well as attenuation or absorption of energy by the gases in the atmosphere.
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In general, only the aircraft/ship and satellite positions and FR measurements, from which the STEC values
are computed, will be available.

3. Results and Discussions
The Iridium NEXT satellite(s) are in polar orbits at 781-km altitude with an inclination of 86.4◦ and a
101-min orbital period. The satellites were simulated using a commercial software called Systems Tool Kit
(STK). STK was used to calculate the LOS access times, which determines the data integration time and
temporal resolution of the CIT reconstructions. In this case study, the temporal resolution was determined
to be between 7 and 8 min, which is consistent with the coverage expected from a space-borne AIS receiver;
Miller (2016) reports that each satellite pass from horizon to horizon takes about 10 min with a revisit time
of about 100 min. Based on STK access reports, a more conservative data integration time of 7 min and 4 s
(424 s) was used in all of the reconstructions in this paper.

In this investigation we assumed that the ionosphere remained constant for the 7-min duration of the satel-
lite pass. The pass length and the average interval between AIS signal transmissions determined that the
maximum number of rays for each ship-satellite pair was 40, with satellite receiver positions spaced ∼0.260◦

(∼28.9 km) in latitude, thereby limiting the number of rays that could be observed per ship for a single satel-
lite pass. This is analogous to having the number of detectors in a medical CT machine fixed to 40. It also
represents the number of detectors that form the projections during a satellite pass. For CIT using GPS, the
number of transmitters cannot be increased, although the number of ground-based receivers can, but their
locations are constrained to land masses and supporting infrastructure. In the inverted apparatus presented
here, the number of transmitters can be increased by simply adding more sources from ships and/or aircraft,
neither of which are generally constrained geographically. The only exception is that ships are constrained
to water.

To simulate a realistic scenario, a single satellite pass over a reconstruction region of 18.1◦ latitudinal extent
between 0.7◦ and 18.8◦ was considered, with 15–45 ships distributed between 1.96◦ and 12.14◦ (10.18◦)
latitude resulting in 600–1,800 rays to be used in the reconstruction (i.e., 15–45 aircraft with 40 rays per
ship-satellite pair).

3.1. Comparing Results From ADS-B And AIS
Cushley and Noël (2014) examined case studies using the method described in this manuscript to evaluate
ADS-B signals as a potential source of TEC data to complement the existing ground-based GPS ionospheric
TEC data as well as an independent source for determining electron density maps of the ionosphere. In their
work they described the ionosphere tomography results using the slant TEC data simulated from an ADS-B
system—25 aircraft as ADS-B transmitters and one satellite at the altitude of 1,000 km as ADS-B receiver. At
the time, the ADS-B demonstration satellite had yet to be launched and was planned for an orbital altitude
of 1,000 km. Since that time, other ADS-B receivers have been payloads on a number of satellites in other
orbits, including the Iridium NEXT constellation. Since this paper is primarily interested in AIS signals, we
use the altitude of the Iridium NEXT constellation satellites at 781-km orbital altitude. The results in the
next section will be shown to be consistent with those published by Cushley and Noël (2014). In order to
compare the results from ADS-B and AIS, we assume the AIS orbit to be the same orbit that originally was
studied for ADS-B.
3.1.1. Scenario I—A Single Localized Electron Density Enhancement
The first scenario we consider is the same electron density enhancement (Figure 7 in this manuscript) that
was presented in Cushley and Noël (2014) (their Figure 5). In this scenario 25 ships were used and spaced
between 54.63–79.80◦ latitude for AIS. This is the same distribution that was used where they simulated 25
aircraft by Cushley and Noël (2014). To facilitate the comparison between the results using ADS-B and AIS
the satellite altitude for both was chosen to be at an orbital altitude of 1,000 km and the pass the pass length
was 3–4 min. The parameters of this scenario are the same as those presented in Cushley and Noël (2014)
with the exception of the AIS frequency, which is lower than for ADS-B.

In the top panel of Figure 7 we present the input electron density map used in Cushley and Noël (2014)
(their Figure 5) as the input to the ray tracing model to simulate the expected FR measurements and their
associated TEC values. This map was created by superimposing a single 2-D normal Gaussian distribution
with a specified scaling factor (the unit scale height of the peak density of the symmetric stable distribution),
which determined the statistical dispersion of the quiet background profile. The maximum of the density

CUSHLEY AND NOËL COMPARISONS WITH AIS 13 of 35



Radio Science 10.1029/2019RS006872

Figure 7. (top) Single feature electron density profile; scaling factor = 5.0, full width (latitudinal extent) at half
maximum = 0.25◦, vertical extent = 50 km, latitude = 65.5◦, altitude = 225 km. (bottom) Single feature electron
density profile from top panel shown as relative weight. The profile was normalized relative to the peak density.

enhancement was located at a latitude of 65.5◦, and altitude of 250 km, with latitudinal width of 0.25◦ and
vertical thickness of 50 km. An altitude of 250 km was selected for the modeled enhancements because the
F region (above 150 km) is present during the day and night (Hunsucker & Hargreaves, 2003).

The initial electron density maps were used to evaluate the relative agreement between the initial input elec-
tron density map and the final result of the CIT reconstruction. The bottom panel shows the normalized
enhancement of the feature of the top panel. The normalized map is used for comparison with the recon-
struction because the latter will only give the relative value for the electron density within a particular pixel
with respect to other pixels within the reconstruction.
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Figure 8. (top) Raw reconstructed relative electron density profile of ray trace input above using TEC measurements
and LOS path from 25 ADS-B transmitters (Cushley & Noël, 2014). (bottom) Raw reconstructed relative electron
density profile of ray trace input above using TEC measurements and LOS path for 25 AIS transmitters. Regions where
there is an absence of data for reconstruction are shown in white.

To obtain absolute values for the densities, additional steps would be required such as an a priori guess
for the reconstruction, or using data from another independent source (e.g., ionosonde or radar) that gives
the peak density at some location within the reconstruction region in order to scale the remainder of the
reconstruction region accordingly.

The reconstruction grid was initialized to zero value pixels for the background. It is typical to use a model
such as IRI to provide an a priori guess for the first iteration of the reconstruction, but in order to evaluate
the benefits and shortcomings of using the ADS-B/AIS data distributions alone a priori estimate was not
used for this scenario. The simulated 2-D ionosphere also does not correspond to a specific date or time so
the model would not necessarily be a relevant guess or may bias the results, if one were used. Admittedly,
using a value of 0 (or 1) for every pixel is not a very good initial guess, but the advantage is that it does not
provide any additional information to the reconstruction other than the data itself, thereby preserving the
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integrity of the reconstruction and not bias the results toward a preferred electron density map. Besides a
negative value for the electron density, which has no physical meaning, 0 is about the worst possible guess
possible for the initial electron density. The normalized relative densities were reconstructed using only the
modeled STEC measurements, and the LOS path between the known transmitter and receiver positions.

The reconstruction for the ADS-B distribution presented in Cushley and Noël (2014) using the STEC values
and ray endpoints for the input electron density map is shown in the top panel of Figure 8. For comparison,
the reconstruction using the AIS signals is shown in the bottom panel of Figure 8. From these figures we
can clearly identify the enhancement in the reconstructed electron density map relative to the background
density near 65◦ latitude and between 200- and 400-km altitude with a maximum ∼350 km for both the
AIS and ADS-B signals. From this figure we can see that either ADS-B or AIS can be used to reconstruct a
single enhancement. The results show that ADS-B and AIS are consistent with one another and that these
reconstructions are faithful to the original input ionosphere.

The horizontal position of the reconstructed enhancement is shown to be roughly in the same location in
both panels of Figure 8; however, the peak is located at a slightly higher altitude than the original input
enhancement (see Figure 7). The spread in altitude is attributed to constraints in orbital geometry for a low
Earth orbit (LEO) satellite and the LOS conditions during an overhead pass of a single satellite. There is
a predominantly vertical ray geometry between the transmitters in the field of view of the satellite, which
provides information about the electron distribution as a function of latitude, however does not give much
information pertaining to the vertical distribution of the TEC, which is integrated over the entire path length.
This may have biased the reconstruction in terms of the altitude distribution of the reconstruction. It is not
possible to acquire data from all viewing angles since horizontal path measurements are not possible (the
satellites is always situated overhead the ships/aircraft).

In this work the data were limited to transmitters located within the reconstruction region. This limits the
radio ray paths to be more vertical due to the constraint, while more horizontal ray paths would be available
if rays that passed through only a portion of the reconstruction region were included in the reconstruction.
In Future work all data available will be used, which should serve to further improve the reconstruction.

The lack of horizontal ray paths results in difficulties with altitude discrimination and introduces artifacts
to the reconstruction. By using all data available (including signals originating from transmitters beyond the
reconstruction region), an a priori estimate, and a different reconstruction algorithm the number of artifacts
and altitude distribution of the electron density should improve. For example, MART has been shown in
other applications to be preferable to that of additive ART which leaves artifacts or tracer in the reconstructed
field (Atkinson & Soria, 2007; Elsinga et al., 2006).

There are techniques such as limb sounding that could be used when more than one satellite can be used.
Signals from low-elevation angles originating from transmitters that are located beyond the reconstruction
region are also a possibility, but these have not been considered due to the constraints that were imposed by
using a single satellite and mutual LOS visibility to transmitters within the reconstruction space through-
out a satellite pass. We simply wanted to use AIS signals to assess its benefits and its shortcomings as an
independent source of TEC measurements for CIT.

Other instruments that give the peak height and density such as ionosondes could provide this infor-
mation along with a 2-D profile that can be used to scale the vertical distribution. We can also use
ionospheric/thermospheric models such as those discussed by Cushley, Kabin, et al. (2017) for distributing
the TEC as a function of altitude in the future but those elaborations were not considered here.

The white regions on either side of the reconstructions in Figure 8 as well as the white triangular shapes
below ∼150-km altitude between the transmitters are pixels with zero value. It is important to note that
the actual electron density is not 0 in these regions. These are regions where no rays have passed and as a
result, no data are available for the reconstruction to be performed in those areas. Recall that the grid was
initialized to zero from the outset.

We also note regions within the reconstruction that appear to be enhanced. These are shown in red, yel-
low, and green at lower (below 200 km) altitudes. These are artifacts and generally occur where only a
single ray has passed through the ionosphere to the receiver. When a single ray has traversed a pixel and
the STEC value of the ray is distributed among the other pixels along the path the possibility exists to have
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Figure 9. (top) Five feature electron density profiles (left to right): latitude = 60.5◦, 63.5◦, 66.4◦, 69.5◦, 72.5◦; scaling
factor = 3.0, 3.0, 5.0, 3.0, 3.0; full width at half maximum = 0.25◦, 1.0◦, 1.0◦, 0.25◦, 0.25◦; vertical extent = 90 km;
altitude = 225, 225, 250, 225, 225 km. (bottom) Five feature electron density profiles from top panel shown as relative
weight. The profile was normalized relative to the peak density.

a disproportionate amount of the STEC from the total path being distributed to other pixels along the path
that have several rays intersecting in order to maintain the STEC along each individual path. This is partic-
ularly true at high and low altitudes where the number of total paths and the number of intersecting paths
are quite limited. This is in contrast to medical and/or material CT imaging machines which are specifically
designed to sample at a higher resolution using all possible viewing angles. Although there are methods to
interpolate the regions with zero-value pixels and smooth the reconstruction and minimize the effect of arti-
facts, for this comparison, we are only interested in examining the raw reconstructions to determine which
signal is better.
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Although the reconstructed map in Figure 8 is not a perfect representation of the input electron density
map (Figure 7), a feature can clearly be discerned within the same general area where the original enhance-
ment was located in the input profile. This suggests that there is good relative agreement between the input
reconstruction and the original input profile. The agreement demonstrates that AIS could be a useful tool to
highlight areas where enhancements in the electron density occur, for example, it could be potentially used
to detect and observe evolution of polar cap plasma patches (Dahlgren et al., 2012; Gondarenko & Guzdar,
1999, 2001).
3.1.2. Scenario II—Multiple Ionospheric Electron Density Structures
In the next scenario we evaluate the suitability of using AIS data to resolve more complex ionospheric
structures. In reality, electron density enhancements will not necessarily occur as single features orders
of magnitude greater than the entire background. This is particularly true when the ionosphere is active.
Enhancements may occur as complex structures of different scale sizes and densities. In fact, if a particular
layer is enhanced with numerous small-scale features smaller than the resolution of current measurement
techniques, they may appear as a large single enhancement and may not individually resolved.

In the top panel of Figure 9 we present the same input electron density profile that was used by Cushley and
Noël (2014) for a five-feature enhancement. It was created using the same initial horizontally stratified quiet
electron density profile from Figure 5 and clearly shows five different enhancements of the same vertical
extent, but differing only in peak densities, horizontal width, and latitude. The enhancements are located
at 60.5◦, 63.5◦, 66.4◦, 69.5◦, and 72.5◦ latitude with relative amplitudes to the background of 3, 3, 5, 3, and 3
and latitudinal widths of 0.25◦, 1◦, 1◦, 0.25◦, and 0.25◦ in latitude with a vertical spread of 90 km, at a peak
altitude of 225, 225, 250, 225, and 225 km.

This scenario is not intended to represent a realistic ionospheric structure; it is only meant to be repre-
sentative of an ionosphere having complex structures that includes multiple features. The objective of this
scenario was to determine the extent to which the structures could be reconstructed using the technique
described herein. The fundamental question to be addressed is whether the individual features can be
resolved.

This scenario proceeded in the same manner as the first. The reconstructed relative density map is presented
in Figure 10 for ADS-B (top panel) and AIS (bottom panel) using Figure 9 as input for the ray trace program.

We note from both reconstructions that they are not perfect reconstructions of the input electron density
map (Figure 9), but it did agree reasonably well in terms of the relative densities as well as their locations.
Five features are clearly evident in the reconstructions. As in Scenario I, the enhancement at 60.5◦ and
63.5◦ latitude appear to be elongated in altitude. In addition, the enhancement at 60.5◦ in the top panel of
Figure 9 seems to have a double peak with one peak located ∼57.5◦ at 150 km while the other is located
∼59.0◦ at 350 km. This feature appears prominently in the ADS-B reconstruction while it is not as evident
in the AIS case. Cushley and Noël (2014) explained the differences in enhancement positions, as well as the
double peak feature due to the fact that the sampling geometry is asymmetrical, especially on the edges of
the reconstruction region. The asymmetry cannot be avoided since the positions of the receivers for GNSS
are constrained by infrastructure, terrain, and air/ship traffic distributions. Asymmetry in the technique
may be unavoidable if we want to consider signals of opportunity for CIT.

3.2. Scenario III—AIS Phillippine Sea
Having presented the comparison of using the AIS frequency and ADS-B frequency and showing their rel-
ative agreement using the input electron distribution from Cushley and Noël (2014) we now focus on AIS
signals for a realistic distribution of ships. There are very few ships in the Hudson Bay region which was
chosen for the ADS-B reconstructions in the work of Cushley and Noël (2014). In this scenario we consider
areas where higher marine traffic density/volume can be found since these regions will be more amenable
for CIT techniques.

To get a realistic distribution for AIS, equipped ships a variety of sources were considered. In Figure 11 we
present a maps from MarineTraffic (www.marinetraffic.com). The top panel of Figure 11 shows the annual
global marine traffic density distribution. The regions of the map that are shown in red indicate the areas
where the greatest number of ships pass. They are the regular shipping routes. The regions in blue may have
as few as a single ship using these routes in one year. As a result, regions in red would be deemed to be the
most appropriate to consider for CIT since they would provide opportunity for the most data. Several of the
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Figure 10. (top) Relative electron density profiles of ray trace input, the top panel of Figure 9 using TEC measurements
and LOS path from ADS-B (Cushley & Noël, 2014). (bottom) Raw reconstructed relative electron density profile of ray
trace input above using TEC measurements and LOS path for AIS. Regions where there is an absence of data for
reconstruction is shown in white.

regions with the highest ship density occur near land, for example, harbors. The Port of Hong Kong can
have up to a few thousand ships at any given time. In these areas, coverage from GNSS networks already
exist. It is important to note that ships that are moored while in port do not transmit as frequently as ships
that are underway. These regions were not considered in this study even though these areas would be very
useful for future calibrations using existing GNSS networks (e.g., GeoNet), radar, ionosondes, or any other
appropriate instruments.

The Hong Kong Harbour (roughly 22.3◦N, 114.2◦E), the South China Sea (12.5◦N, 115.0◦E) and the Philip-
pine Sea (12.5◦N, 130.0◦E) were considered due to the greater number of ships present in these regions as
well as their relevance, their importance, and their connection to the tracking of both air and ship traffic.
One region of particular interest for both AIS and ADS-B is the oceanic area between China and Australia.
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Figure 11. (top) Annual global density map of AIS-equipped marine traffic for 2017. (bottom) A live marine traffic map from 20 September 2018 at 11:09 EST of
the active AIS ships. The black box shows the Philippine Sea region used later. These maps taken from MarineTraffic (www.marinetraffic.com).
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Figure 12. (left) The STK scenario for this case study; five ships with coverage from Iridium 151. (right) A map taken from Marine Traffic showing the
distribution of ships in the Philippine Sea 20 September 2018 at 11:09 EST.

The shipping route between Australia and Hong Kong Harbour shows an excess of 1.5 million ships per year
and is one of the busiest shipping lanes in the world. For these reasons, the Philippine Sea was chosen for
this case study.

In the left panel of Figure 12 we show the location of five ships that were used to calculate the access con-
ditions for coverage during the pass of a single Iridium satellite using STK. The right panel of Figure 12
shows the ship traffic in this region for 20 September 2018. When this figure is separated into one degree
slices in longitude between Ship 1 at 0.7◦ and 5 at 18.8◦, there are generally between 13 to 53 ships within a
reconstruction region of this size.

The number of ships used for the scenarios were varied from 15 to 45, but the positions of ships 1 and 5
(endpoints) remains fixed. This scenario was designed in a similar manner to the scenarios for ADS-B, using
STK to compute access geometries and times between the ships and a single satellite from the Iridium NEXT
constellation (Iridium 151) for 19 October 2012 from 05:17:49.000 UTCG to 05:34:19.997 UTCG for a pass
with mutual coverage of all ships for a duration of ∼7 min. The small null cone directly under the satellite
is a region where signals cannot be received from the ships due to the antenna gain pattern.

In Cushley and Noël (2014) they determined that a minimum of five planes were required to resolve the
structures in Figures 7 and 9. With 118 rays per pass for ADS-B and only 40 from AIS, the number of trans-
mitters must be greater for AIS than for ADS-B. In order to have the same number of rays (5 ×118 = 590)
for AIS we require at least 15 AIS transmitters to provide similar coverage as ADS-B.

After consulting a number of sources such as Marine Traffic (Figure 12) and assessing the access conditions
for ships that are distributed between Ships 1 and 5 (left panel of Figure 12), we simulated 15 ships using the
preexisting ray trace model. The cadence for AIS signal transmissions is lower than the cadence for ADS-B
so there will be fewer ray paths and as a result fewer STEC measurements available for the reconstruction.

Ships equipped with AIS transmit at a lower cadence (once every minute for AIS compared to ∼0.5 s for
ADS-B) due to the slower speed of ships and other considerations such as less flexible routes since ships
are confined to the surface of the Earth. Due to the fact that transmission cadence can vary widely between
Class A and Class B ships that are underway and because Class B AIS transponders have lower transmit
power and cadence, it was assumed that all ships in this scenario were Class A underway and a value of 10 s

CUSHLEY AND NOËL COMPARISONS WITH AIS 21 of 35



Radio Science 10.1029/2019RS006872

Figure 13. (top) Four feature electron density profiles (left to right); latitude = 4◦, 7◦, 9.75◦, 11◦; scaling factor = 2.0,
3.0, 4.0, 5.0; full width at half maximum = 0.25◦, 1.25◦, 0.25◦, 0.25◦; vertical extent = 60, 60, 90, 60 km;
altitude = 250 km. (bottom) Multiple feature electron density profile shown as relative weight. The profile was
normalized relative to the peak density.

was chosen to be the interval between transmissions. This is essentially the worst case scenario for Class A
ships underway. For the scenarios having mutual LOS access to Ships 1 through 5, of 7 min and 4 s (424.4 s)
there would be approximately 42 rays from each ship received by the satellite for each pass.

The 2-D IRI profile that was used as an input for this scenario was generated for the corresponding date and
time of 19 October 2012 at 05:25 UTCG for the position of Ship 3 at 12.87◦ latitude and 130◦E. longitude.
The uniform 2-D profile was then modified by superimposing enhancements using Gaussian distributions
centered at 4◦, 7◦, 9.75◦, and 11◦ latitude with relative amplitudes to the background of 2, 3, 4, and 5 and
latitudinal widths of 0.25◦, 1.5◦, 0.25◦, and 0.25◦ in latitude with a vertical spread of 60, 60, 90, and 60 km,
at a peak altitude of 250 km.
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Figure 14. The raw reconstructed relative electron density maps of the ray trace input shown in Figure 13 using TEC
measurements and LOS path for AIS with 15 ships/transmitters (top), 30 ships (middle), and 45 ships (bottom).
Regions where there is an absence of data for reconstruction is shown in white.
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Figure 15. STEC and corresponding VTEC (using equation (13)) as a function of latitude obtained from the ray trace
model for a ship located at 11.3◦ latitude and the ionospheric electron density map shown in Figure 13. The locations
in terms of latitude of the ionospheric enhancements are denoted by dashed vertical lines.

Figure 14 shows the results for three cases: 15 ships (top panel), 30 ships (middle panel), and 45 ships (lower
panel) using access conditions determined from the STK scenario for Figure 12. The top panel of Figure 14
shows the results for a scenario having 15 ships situated equally spaced between Ships 1 and 5. The middle
and bottom panels show the reconstruction results using 30 and 45 ships, respectively. Based on Marine
Traffic (see Figure 12), 15–45 ships would be a reasonable number of ships to be found in this region on any
given day.

In Figure 14 we see an improvement in the reconstructions as the number of transmitters increases (i.e.,
the number of ships increased from 15 to 45). In each case, the enhancements at 7◦, 9.75◦, and 11◦ latitude
are reasonably reproduced. On the other hand, the enhancement at 4◦ is not quite as obvious. This is not
surprising given that it is found on the edge of the reconstruction region, and it has the lowest amplitude. It
may be somewhat visible in the top panel of Figure 14 only because we know it is there. It seems to be more
visible in the middle and bottom panels but has approximately the same amplitude as the artifacts in the
reconstructions. In addition, the original structure is situated at the far left of the reconstructed region and
only has rays from transmitters that are located at less than∼5◦ latitude passing through it. As a result it is not
well sampled and few ray paths intersect these pixels to reconstruct the feature. If rays were considered from
other ships at lower latitudes than those used in this scenario, the feature may be more defined. The same
argument can be made to explain the artifacts below 100 km and the one at ∼5◦ latitude, ∼725-km altitude.
Few rays intersect these pixels therefore the residual electron density values from each ray are attributed to
these pixels to permit the minimization of the error between the integrated values along the path and the
STEC value for these rays. Nevertheless, these cases show good relative agreement between the input profile
shown in Figure 13 and the reconstructions shown in Figure 14. These results suggest that given a realistic
distribution of AIS transmitters, CIT is feasible. From this scenario we can say that a minimum of 30 ships
would be required to perform an adequate reconstruction.

3.2.1. VTEC Mapping
The previous sections demonstrated that AIS data could be used as input to CIT to reconstruct the electron
density distribution. However, even if there is an insufficient number of AIS transmitters to provide enough
STEC measurements, measurements from a single ship can be used to map the VTEC from the STEC.
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Figure 16. STEC and corresponding VTEC (using equation (13)) as a function of latitude obtained from the ray trace
model for a ship located at 11.3◦ latitude and the ionospheric electron density map shown in Figure 5.

The STEC and VTEC are related by the following equation (Langley et al., 2002; Mannucci et al., 1993)

VTEC = STEC ×

√
1 −

(
RE cos 𝛼

RE + hmax

)2

(13)

where 𝛼 is the elevation angle, RE = 6378 km is the radius of the Earth, and hmax = 350 km is the height of
the ionospheric shell above the surface of the Earth. The STEC and elevation angle come from the ray trace
model output.

The blue trace in Figure 15 represents the STEC as a function of the satellite receiver latitude for a ship
located at 11.3◦ latitude for the ionospheric map shown in Figure 13. We observe three distinct peaks in
the STEC, which indicates the presence of at least three enhancements. The peaks do not map directly
to the enhancements in Figure 13 (denoted by dashed vertical lines in Figure 15) for several reasons but
mainly because the plotted latitude corresponds to the satellite receiver and does not consider where the ray
originated from. In addition, STEC is an integrated value over the entire path length so a propagation path at
a lower elevation angle will have a longer path length. In comparison a vertical propagation path, would be
much shorter and would result in a lower STEC measurement. The dashed red trace in Figure 15 shows the
VTEC computed from equation (13) as a function of the satellite receiver latitude. The latitudinal positions
of the enhancements are still not correct but are improved both in terms of latitude and relative amplitude.

To improve the alignment of the peaks, a more sophisticated mapping function (see for example ; Rao &
Dutt, 2017; Xiang & Gao, 2019) may be required that is more well suited for a LEO orbit. This is beyond the
scope of this work since the location of the ionospheric enhancements can be determined using tomography,
which uses the STEC, not the VTEC. This would be an important consideration for supplementing VTEC
maps. Figure 15 is included only to show how the enhancements are detectable in the STEC (and VTEC)
data compared to a horizontally stratified ionosphere.

In contrast, Figure 16 shows the STEC (blue) and VTEC (dashed red) plotted as a function of latitude
for a ship at 11.3◦ latitude for a horizontally stratified ionosphere, without any enhancements (shown in
Figure 5). It is clear from this figure that the TEC is minimum at 11.3◦, coinciding to the area where the path
length is at its minimum. The curve is monotonically increasing and shows no sign of any variation due to
enhancements since they are not there.
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Figure 17. A map of the aircraft in the Philippine Sea taken from Flightradar24 29 April 2019 at 4:20 EST.

We conclude that these results demonstrate that AIS data can be useful for supplementing the current GNSS
measurements used for VTEC mapping, particularly since there exists gaps in the coverage in oceanic and
high-latitude regions, where AIS and ADS-B measurements are available.
3.2.2. Comparison of AIS and ADS-B
The next logical step was to compare the reconstructions using AIS signals with ADS-B in the Philippine Sea
region. For this comparison, the ADS-B geometry was recalculated using the updated altitude of the Iridium
NEXT satellite. In Cushley and Noël (2014) they simulated an ADS-B receiver on a satellite in a 1,000-km
circular orbit because there was no actual space-borne ADS-B receiver at that time. However, Iridium NEXT
carries both AIS and ADS-B receivers at an orbital altitude of 780 km. For this reason the access conditions
for ADS-B was re-evaluated by placing aircraft at the same locations as the ships in Figure 12 and using a
pass duration of 424 s (same as for AIS).

The same reconstruction procedure was used for both cases, except to maintain a grid of 100 pixels by 100
pixels, the vertical extent of the pixels was reduced to 7.8 km as opposed to 10 km used for 1,000 km. Unlike
GPS CIT where the measured TEC is attributed only to a certain altitude (600 km in some studies, 1,000 or
2,000 km in others) and the contribution above this upper limit of the reconstruction region is neglected, in
both the 1,000- and 780-km cases, the STEC measurements are being used to reconstruct up to the altitude
of the satellite. This means that the STEC measured at 1,000 km is slightly greater than at 780 km due to the
increased number of electrons integrated along the path between 780–1,000 km, but CIT reconstructs the
relative density, not the absolute density giving similar results.
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Figure 18. (top) Reconstructed relative electron density profile of ray trace input shown in Figure 13 using TEC
measurements and LOS path for five ADS-B transmitters with 118 rays transmit per aircraft to a satellite at 1,000-km
altitude. (bottom) Reconstructed relative electron density profile of the same ray trace input profile for five ADS-B
transmitters with 424 rays transmit per aircraft to a satellite at 780-km altitude. Regions where there is an absence of
data for reconstruction is shown in white.

ADS-B is transmitted every 0.4–0.6 s for an average of 0.5-s alternating between top and bottom-mounted
quarter wave monopole antennas (Radio Technical Commission for Aeronautics, 2003). Van Der Pryt and
Vincent (2016) showed that sea surface reflection and multipath signals should not be received by the
receiver therefore only the top mounted antenna signals will be received by the satellite. This implies that
a signal will be received approximately every second for a total of 424 signals during a single overhead pass
of the satellite for each aircraft.

Using Flightradar24 (Figure 17), a live online air traffic monitor that is similar Marine Traffic, shows that it
would be reasonable to assume that at least five aircraft would be within the reconstruction region between
1.3◦ to 18.8◦ latitude along a 1◦ longitudinal slice at 130◦ longitude. Hence, for this scenario the aircraft were
considered to be equally spaced at an interval of 4.375◦ latitude from 1.3◦ to 18.8◦.
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Figure 19. The raw reconstructed relative electron density map of the ray trace input shown in Figure 13 using TEC
measurements and LOS path for combined AIS and ADS-B data from 45 ships and 5 aircraft, respectively. Regions
where there is an absence of data for reconstruction is shown in white.

Figure 18 presents the reconstructions using ADS-B for a satellite orbiting at 1,000 km (top panel) and at
780 km (bottom panel) for five aircraft having the same spatial distribution as the ships in Figure 12. When
the satellite is at 1,000 km and each aircraft transmits 118 rays the only discernible features from Figure 13
are enhancements at 10◦ latitude and ∼275-km altitude. We also observe an artifact at ∼9◦ latitude and
near 350-km altitude (top panel). Although the satellite used for the reconstruction in the top panel was
at a higher altitude and one would reasonably expect a longer pass length and more rays to be available to
perform the reconstruction, an overly conservative estimate was used by Cushley and Noël (2014).

The bottom panel of Figure 18 shows the reconstructed electron density for the same five aircraft transmit-
ting 424 rays per aircraft to a satellite at 780-km orbital altitude. The presence of multiple enhancements
is more apparent than in the top panel, but they are still not very localized. We note that the overall recon-
struction seems to be smoother (using 424 rays compared to 118), but there are broader artifacts between 8◦

and 14◦ latitude, below 300 km and above ∼450 km, in the bottom panel compared to the top panel. There
are also other artifacts below 250 km between 2–6◦, 14–16◦ latitude, and 9◦ latitude at ∼500-km altitude that
were not present in the top panel. The feature located at 4◦ in the input profile (see Figure 13) is not resolved
in the top panel of Figure 18 and appears to be situated at ∼5◦ latitude, 225-km altitude in the bottom panel.
There is the presence of an artifact at ∼6◦ latitude, 350-km altitude. The enhancement located at 7◦ in the
input profile is also not reproduced in the reconstruction in the top panel of Figure 18 because there are very
few rays originating from the transmitters located at ∼6◦ latitude passing through that enhancement, and
few, if any rays from the transmitters at ∼2◦ and ∼10◦ latitude. This enhancement is resolved in the bottom
panel but artifacts from the feature at 4◦ and a lack of ray intersections at low altitudes cause it to appear
elongated in altitude. The features at 9.75◦ and 11◦ latitude in the input profile are resolved in both the top
and bottom panel reconstructions, but there are artifacts at ∼500 km in the bottom panel. The white pixels
representing an absence of data at ∼3◦ latitude, between 400- and 780-km altitude in the top panel have data
in the bottom panel, but there is little to no benefit to the overall reconstruction since there are no features
or ray intersections in this region. This shows that the sampling resolution of the rays is higher than that of
the grid resolution, whereas this was obviously not the case in the top panel or these pixels would have had
a minimum of one ray intersection.

From this we note that it is the distribution of the transmitters and not the number of rays transmitted to
the satellite over a specified latitudinal range that seems to be the factor that affects the accuracy and ability
to resolve the features. This seems to suggest that five well placed transmitter between 5◦ and 12◦ latitude
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(assuming the feature at 4◦ latitude will not be detected) may be able to detect the three largest enhance-
ments; however, there would be uncertainty in the location of the enhancements. Without prior knowledge
of the locations of the ionospheric enhancements it is virtually impossible to distribute the transmitters
judiciously to sufficiently sample the enhancements in order to perform a faithful CIT reconstruction.
3.2.3. Concatenating AIS and ADS-B Signals
In addition to comparing individual reconstructions for AIS signals and ADS-B signals as independent
sources of TEC data, these two types of signals can also be concatenated with one another. In this case the
two data sets (TEC and ray start and end locations) are simply combined using 5 planes and 45 ships.

Figure 19 shows the result of the reconstruction when AIS and ADS-B data are combined. Figure 19 shows
an improvement in the reconstruction when compared to using only ADS-B data (see Figure 18) but is
arguably worse than using a sufficient number (i.e., 30) of ships AIS signals (see Figure 14). There are
more artifacts present in this reconstruction compared to Figure 14. Although the CIT problem remains an
underdetermined mathematical problem, there may be redundant or conflicting data in the regions where
data are available. The same three out of four enhancements are discernible, but we also note the pres-
ence of an increased number of artifacts at lower altitudes seen as little yellow striations between the lower
boundary and ∼100-km altitude. Artifacts may arise that are associated with diverse methods, operators,
and algorithms. The ART algorithm is known cause more artifacts than algorithms such as MART, decom-
posed algebraic reconstruction technique and Simultaneous Iterative Reconstruction Technique (Kunitsyn
& Tereschenko, 2003).

3.3. Discussion
In this work, the structures that were detected using CIT were localized electron density “blobs” of magni-
tudes ranging from 2 to 5 times the background density. It was found that the capability of the CIT technique
to reproduce the enhancements deteriorated in regions where there were relatively few transmitters. This
was particularly true at high and low altitudes. However, it performed reasonably well in the F region of the
ionosphere. The lack of accuracy is due to a lack of vertical rays that would provide information about the
pixels below ∼100 km, the lowest altitude that rays from neighboring receivers will intersect one another. As
shown in Figure 14, the reconstruction is improved by increasing the number of transmitters, since the num-
ber of rays per pass and number of satellites in orbit remain fixed. More rays leads to more ray intersections
which improves sampling and leads to better CIT performance.

The number of intersections in a reconstruction having a specified grid size also increases proportionally
to the number of transmitting aircraft, which provides more constraints on the electron density within any
given pixel—that is, there are more equations that must be satisfied by a pixel value when the given pixel
is intersected by an increasing number of rays. If a pixel is only intersected by a single ray, a value may be
attributed to it which helps the reconstruction converge because it is not being modified by any other rays.
(i.e., the STEC residual for that ray is deposited in pixels at extremely low and high altitudes to allow the
pixel values intersected by other rays to converge and these pixels values are not iterated thereafter). This
results in the artifacts that were discussed previously, especially at high and low altitudes, where there are
fewer rays intersecting each pixel. Pixels that are not intersected by any ray have no information revealed
about them and appear as white pixels in all the reconstructions.

Both of these issues can be resolved by using a priori guess to give these pixels realistic values for the initial
iteration or by imposing other constraints such as additional equations that impose smoothness on the elec-
tron density field. These elaborations were not considered in this study so that the efficacy of using AIS data
in the reconstruction algorithm could be evaluated without biasing the results with additional information.

The grid size could also be modified in order to improve the reconstruction and the resolution. In this study,
the grid size was selected to be the same size as in Cushley and Noël (2014) so that the results of this study
(Scenarios I and II) could be compared directly. In Cushley (2013) they found that in order to perform a
reasonable reconstruction, the grid size had to be small enough so that it did not require days for the ray
tracing program to complete its simulations or that the computer would run out of access memory.

Their results were based on ADS-B scenarios using 5 to 25 aircraft with 118 rays per aircraft. The grid size
that would maximize the number of intersections and reduce the sparsity of the geometry matrix gave the
best result for the reconstructions (Cushley, 2013). It was found that a grid size of 100 by 100 pixels, with each
pixel 10 km in altitude and 0.25◦ in latitude, was sufficient to reduce the size of the matrix to be inverted but
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fine enough that it gave a good resolution for the current study. Since the AIS transmitter cadence is lower
than ADS-B, with only about one third of the number of rays for each ship during a given satellite pass, the
pixel size may need to be increased thereby reducing the grid resolution, facilitating more ray intersections
per pixel thus reducing the sparseness of the geometry matrix. Using a larger pixel size would not permit
the resolution of small-scale structures since the spatial resolution would be too low.

To increase the number of pixel intersections, the number of transmitters could also be increased. In reality,
in situ data will have a large variation in how ships are spatially distributed. According to the results found
in this study, sectors with more than 15 ships could be amenable for CIT, although the minimum number of
ships required and their spatial distribution was not studied in great detail in the current manuscript. Areas
with only one or two ships may only be useful for supplementing VTEC mapping (see section 3.2.1).

To evaluate global AIS data, an algorithm will be required to bin the data into slices of longitude with suffi-
cient ray sampling density to perform the inversion. There are other available on-line AIS tracking services
other than MarineTraffic that offer similar visual products that may be useful in characterizing scenarios.
For example, ShipView 2.0 by exactEarth captures thousands of open-ocean vessels with positions that are
less than 1 min old. Figure 2 shows another type of visual product from MarineTraffic which shows bins
containing the number of ships whose last global positions of ships were reported for 11 October 2018 at
∼1pm EST. These type of products can be used to help identify areas of interest that are amenable for CIT
reconstruction and others that may only be practical for VTEC mapping.

The number of rays available to perform the reconstruction undoubtedly affects the quality of the recon-
struction. All of the scenarios presented in this manuscript use relatively few rays when compared to CIT
using GNSS data. As a reference, the number of rays that are used in GPS CIT is typically on the order of
4,000 to 2 × 105 rays (Choi et al., 2006). For this study, the maximum number of rays expected from the
ADS-B and AIS ray geometries is 2,950 rays for 25 aircraft, or 1,800 rays for 45 ships, respectively. In sce-
nario III we saw that at least 15 transmitters is desirable but that there was not any significant improvement
in the CIT reconstruction by using 45 transmitters. In conclusion, even if there are hundreds or thousands
of transmitters available, 30 well-spaced ships would be sufficient for CIT and, as a result, will reduce the
computation complexity and time to perform the reconstruction.

Other aspects that can affect the reconstruction include but not limited to adverse propagation effects (e.g.,
some refraction at low-elevation angles, or velocity bunching), the geometry of satellite relative to both the
ionospheric feature and transmitter, the enhancement scale size and relative amplitude, the satellite point-
ing accuracy, measurement (e.g., phase, FR, and TEC) noise, and uncertainty and interference introduced
to the reconstruction caused by the relative motion between the aircraft and the satellite. By using several
satellite receivers the time interval required to collect a given number of ray paths can be reduced. Alterna-
tively, if the time interval remains constant, using more receivers would imply a greater number of ray paths
would be collected for the reconstruction.

In the scenarios presented in this manuscript there is a predominantly vertical nature for the rays, potentially
due to the constraints imposed of using a single overhead pass with only the ships within the reconstruction
region (i.e., there are few if any rays at low-elevation angles from ships beyond the latitudes used for the
reconstruction). Rays that originate and terminate within the reconstruction region cannot be horizontal so
there is a lack of information about the altitude distribution of the electron content. For the future case of
constellation-based data sets, the null regions on each side will be eliminated by concatenating data sets or
considering data from transmitters beyond the reconstruction region.

This highlights some of the additional challenges that are imposed by using CT techniques to image the
ionosphere that can usually be controlled in other applications of CT. In most applications of CT a precise
apparatus is used or constructed to satisfy the requirement of generating equally spaced data, and obtaining
a complete data set at the spatial interval or correlation length required. Several physical constraints of the
imaging system restrict the quantity of data collected and consequently the quality of the reconstructed
image. An ideal tomographic apparatus requires a finite-sized object distribution, densely packed ray paths
passing at all possible angles through it, and a dense chain of coplanar receivers (Biswas & Na, 1998; Na &
Lee, 1994; Na et al., 1995).

For the typical CIT scenario (e.g., GPS), unlike other applications of CT, a complete set of projection data is
not available. A measurement for every sensor position moved in equal increments, whether equiangular
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or equidistant, at a fixed distance (or altitude in the case of CIT) is not controlled in the CIT apparatus, as
with CT. For example, the nature of a satellite pass where the data is collected in fixed increments of time
will not be equidistant, nor equiangular. In CT, an instrument may be built to satisfy theses specifications,
but in CIT there are a great deal of other restricting considerations. From a tomographic perspective, the
restricted viewing angles of the imaging system, combined with irregularity and sparsity of ground-based
receiver(s) chain, makes it inherently prone to data insufficiency and the inversion process one of the most
challenging examples of limited data tomography (Yeh & Raymund, 1991).

4. Summary and Conclusions
GNSS, AIS, and the ADS-B are signals that exist for very specific purposes; however, they all can be used for
ionospheric sounding as well as other geophysical applications such as tsunami detection (Peltier & Hines,
1976; Sanchez-Dulcet et al., 2015; Savastano et al., 2017), earthquake warning (Kelley & Heki, 2017; Fuying
et al., 2011; Li et al., 2015; Pulinets, 2004; Pulinets & Boyarchuk, 2005; Xu et al., 2012), tornadoes (Hung,
1978; Nishioka et al., 2013), volcanoes (Larson, 2013), and explosions (Fitzgerald, 1997; Titheridge, 1962).
Whether they are mandated and government funded or simply voluntarily constructed and operated, these
networks provide data that can be used for both scientific in addition to their original operational purposes.
They all rely on space weather data in order to perform their intended tasks (i.e., geospatial positioning,
tracking air and marine traffic), but they can also serve as dual purpose payloads.

Given the state of the global economic environment since the global recession of 2008 and the fiscal con-
sequences to scientific research funding both in Canada and abroad, these types of networks with their
preexisting hardware offers an innovative alternative to deploying and operating new networks of instru-
ments. Although the data from these networks may have greater uncertainties than scientific instruments
that have been specifically designed to measure the electron density and TEC, they can offer supplemen-
tary observations in areas that would otherwise lack coverage. This would be particularly useful for data
assimilation, modeling, and forecasting in gap regions.

Another advantage of this type of configuration is that mobile ground-based transmitters could be used,
which offers more flexibility for deployment than stationary GNSS receivers.

The main objective of this work was to investigate the capability of reconstructing 2-D ionospheric elec-
tron density structures using the FR of modeled AIS signals and compare the results with those previously
obtained using ADS-B. The work concentrated on modeling the effects of the ionosphere on AIS signals
traveling through electron density enhancements localized in space to contribute to current methods of
ionospheric electron density mapping in regions without coverage from other instruments.

To this end, using a ray tracing program, the vertically polarized waves that originated from AIS transmitters
on ships and computed the expected FR that an orbiting satellite would observe was modeled. The FR was
used to infer the STEC along the ray path. Using only a LOS ray path (from the transmitter and receiver
positions) and the inferred STEC values as input, the ART algorithm was used to reconstruct 2-D ionospheric
electron density maps.

In order to evaluate AIS signals as a potential source as input data for the CIT technique and be able to com-
pare the results obtained using a lower carrier frequency (than either ADS-B or GNSS) with those obtained
by Cushley and Noël (2014) we replicated the two scenarios presented by Cushley and Noël (2014); using 25
AIS-equipped ships as our transmitters and a single satellite acting as the receiver. In these two scenarios,
the distribution of the ships, and positions of the satellite were the same as those used by Cushley and Noël
(2014). Each ship produced 118 rays for a total of 2,950 rays propagating through the ionosphere from 13◦

to 18.8◦ in latitude.

In the first scenario, a single localized electron density enhancement was created as the input for the ray trac-
ing program. The single feature was reconstructed successfully using the LOS ray paths from the transmitter
and receiver positions and their associated STEC. Although the reconstructed electron density enhancement
was still elongated in terms of its vertical extent as was the case in Cushley and Noël (2014), it was somewhat
more localized vertically and its latitudinal position agreed reasonably well with the original input structure.

In Scenario II we investigated whether multiple density enhancements could be resolved using AIS. The
ship distribution remained the same as the first scenario in this scenario. The input electron density map was
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modified with five density enhancements of varying peak density, altitude, latitude and horizontal extent,
and fixed vertical extent imposed on the same quiet background as in the first scenario. As was the case in
the first scenario, the individual electron density enhancements were detectable and agreed reasonably well
with the initial input electron density map.

The third scenario was used to simulate a more realistic spatial distribution of AIS-equipped ships. Based on
global ship traffic the Philippine Sea was selected for this case study. The size of the reconstruction region
was the same as the first two scenarios with 15–45 ships distributed within that space. Each ship produced
40 rays for a total of 600–1,800 rays crossing the ionosphere from 0.7◦ to 18.8◦ in latitude. Four Gaussian
distributions of varying peak density, altitude, latitude, and horizontal extent, and fixed vertical extent were
superimposed on a horizontally stratified background electron density map obtained from IRI at the middle
of the scenario at 12.87◦ latitude and 130◦. Once again, the electron density enhancements were detectable.
Three of the four enhancements were conspicuous while the fourth smallest enhancement was less so. It was
not as perceptible as the other enhancements owing to the sampling geometry and it had the lowest density
enhancement. Overall, the reconstructed electron density map agreed reasonably well with the initial map.

From all the scenarios we note that the position and horizontal extent of the enhancement could be deter-
mined with a reasonable degree of accuracy from the raw AIS data and that data from another source would
not be required. The reconstructions presented in this manuscript illustrate the feasibility of CIT using AIS
data to analyze qualitative phenomena.

These results clearly demonstrate the feasibility of using CIT from AIS data, especially considering the rel-
atively few number of rays that were used to perform the reconstruction. At a bare minimum, AIS may be a
useful tool for indicating the approximate location of ionospheric features. This type of information can be
used to provide a useful, and economical method to inform further observations using other ground-based
assets.

This work has shown the benefit of inverting the traditional CIT models. Rather than the satellite transmit-
ting to ground stations whose positions are restricted and confined to the surface of the Earth, the location of
the transmitter(s) and receivers have been exchanged and the CIT apparatus is now inverted. In this inverted
scheme, the AIS-equipped ships are the transmitters and the satellite is the receiver. The satellite is also now
a LEO satellite which creates a synthetic bank of receivers during the course of a LOS pass. It should be
noted that the TEC computed along a given ray path does not depend on the direction of propagation.

In conclusion, the modeled ionospheric electron density features within a given reconstruction region were
successfully reconstructed using CIT techniques for AIS and ADS-B. The data used to perform the recon-
structions in this study were simulated using theoretical ray trace modeling under different aircraft and ship
distributions using their two respective frequencies for AIS and ADS-B. Furthermore, different geometric,
geomagnetic, and density conditions were used.

Because real AIS data are not currently available, a meaningful comparison could not be made with other
instruments. For this reason a comparison was made with previously simulated ADS-B signal data using
the same technique. In the future, a comparison with another instrument such as GPS and using in situ a
priori data from another source (e.g., ionosonde) is planned for validation, calibration, and to improve the
vertical distribution.

It would be useful to acquire real data for a region where truth data can be used for comparison, validation,
and calibration. A region such as Japan's coastal waters would be a good choice in conjunction with Geonet
data, the largest and densest network of GNSS receivers. Another option may be to use Topex campaign
data over the ocean. A limitation of current receiver systems is that they do not measure polarization. While
GPS signals are transmitted with right-hand circular polarization, the same cannot necessarily be said for
the signal reaching the antenna, and this difference will contain further information about the propagation
path (Benton & Mitchell, 2014). This work shows how the FR of a signal can provide important information
about the ionospheric electron content.

The original objective for this work was to evaluate whether the FR of AIS signals could be used to sup-
plement GNSS VTEC maps, so the possibility of doing CIT in order to obtain 2-D and possibly higher
dimensional (longitude and time) profiles is a bonus. Numerical modeling has demonstrated that AIS and
ADS-B signals are subject to FR as they pass through the ionosphere. Ray tracing techniques were used to
determine the characteristics of individual waves, including the wave path and the state of polarization. The
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modeled FR was computed and converted to TEC along the ray paths. TEC data can be used as input for CIT
in order to reconstruct electron density maps of the ionosphere.
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Chapter 8

Conclusions and Future Work

8.1 Overview

This chapter summarizes the main results from the thesis and proposes additional

work that could be undertaken in the future.

8.2 Summary

The ionosphere is driven primarily by solar and geomagnetic activity. There exists a

strong coupling between the physical processes on the Sun and the Earth’s ionosphere.

The state of the ionosphere is characterized by a wide range of empirical and physics-

based models as well as remote and in-situ observations. However, observations at

high latitudes and oceanic regions are sparse, and models do not always represent

the high latitude and polar regions well due to the complex nature of the region.

High latitude dynamics in turn, can drive geospace dynamics at other latitudes. As a

consequence, additional regular high latitude observations are particularly important

for improving our understanding of Earth’s open magnetic-field regions, particularly

for Canada [Semeter , 2015].

Accurate forecasting of space weather conditions in the near-Earth space envi-

ronment is essential to protect the electronics and inhabitants of Earth, aircrew and

passengers on trans-polar flights, spacecrew as well as orbiting spacecraft. Northern

Polar routes have been used more often since the beginning of the 21st Century due

to the fuel and time savings. Unfortunately this region is highly active in a geomag-

netic sense, making those travellers susceptible to receiving significant radiation doses

[Lewis et al., 2001; Perron, 2014].

Measurements of the electron content are needed in order to better understand the

basic atmospheric and ionospheric structures, time constants of physical and chemical

processes, and other pertinent properties of the atmosphere and ionosphere such as
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the energetics of the ionosphere. This data can be used to analyse the sensitivity of

the ionosphere to various physical and/or chemical processes [De et al., 1988]. The

IEDs which can be inferred using GPS CIT among other methods, plays a critical role

in understanding phenomena such as hemispheric conjugacy in addition to more prac-

tical applications oriented towards safeguarding technological assets e.g. the power

grid, telecommunications as well as space-based assets.

Observations of the upper atmosphere using networked instrumentation allow mul-

tiple locations to be monitored simultaneously in order to capture the system dynam-

ics on a global-scale. When these networks are established for an extended period of

time, the data may be examined for temporal variations as well as being available for

stochastic events such as large solar disturbances, which are less likely to be measured

in a short-term campaign. In aeronomy and magnetospheric sciences, such networks

provide the insight and validation required to understand global-scale processes such

as travelling ionospheric disturbances (TIDs), the transport of energy during storm

periods, vertical coupling between different atmospheric regions, along with associ-

ated global-scale variability. These scientific advancements in terms of magneto-ionic

theory are enabled by observations of large-scale processes. Therefore new obser-

vational networks to provide data to the modelling community are important types

of input so that they can improve their research and help constrain their numerical

models [Bhatt , 2014].

CIT is a powerful tool for producing images of the electron density distribution in

the ionosphere as a function of latitude and altitude in 2D. Reconstructions are based

on measured signals of integrated parameters over many directions between satellites

and traditionally ground receiving stations. Although tomography is a relatively new

technique applied to space physics and the ionosphere [Austen et al., 1986] it has

been successfully applied to monitor radio transmission from GPS and has shown

great promise as a relatively low-cost alternative to many ground-based instruments

such as vertical sounding ionosondes and ISR.

The study of the ionosphere by means of satellite radio tomography has several

other advantages to ground based instrumentation. Generally, tomography is inex-
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pensive, if the cost of the constellation of receiving satellites can be neglected. The

satellites operational purpose in the case of GPS and ADS-B is navigation, thus the

cost of the satellite for CIT can be neglected when no further requirement to the

satellite design is required to perform its main objective. For ADS-B specifically,

the goal is to demonstrate enhanced flight safety globally. Phase measurements are

redundant for ATC and as a space weather instrument it would simply be the addi-

tional cost of computers to perform the CIT that would be required. This cost could

be considered negligible when compared to the financial and environmental costs of

setting up, operating, and maintaining an ISR, even at mid latitudes.

With the potential viability of global CIT using Iridium NEXT for the additional

capability of monitoring global ship and air traffic, CIT is a scientifically, econom-

ically, and environmentally practical architecture for IED mapping. This method

is considered to be far less expensive than other instruments deployed on a global

scale, given the ADS-B receiver is primarily designed as a flight safety system and

the science is an added bonus. Accurate orbit determination and pointing is already

essential for the primary mission, particularly for characterizing the signal strength

and phase for anti-spoofing and other undesirable effects e.g. sea-surface reflection,

multi-path duplicate signals. It is also very important for tomography.

The goal of this thesis was to investigate the feasibility of ionospheric sounding us-

ing signals of opportunity namely ADS-B and AIS. The modelled ionospheric electron

densities within a given region was successfully reconstructed using CIT techniques

and synthetic data. The data was simulated using theoretical modelling under a vari-

ety of geometric, geomagnetic, and density conditions using a pre-existing ray-tracing

program. The ray-trace code was used to produce synthetic data that was used as

input to the ART pixel-based method of CT, which in turn was used to reconstruct

electron density maps. The reconstructions were compared to the corresponding orig-

inal input ne profile to study the effectiveness of the reconstruction. It was found that

the reconstructions showed good relative agreement thereby indicating the potential

of CIT using ADS-B and AIS data.

Two other topics that support CIT research were also discussed: improvements
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to the estimate of STEC from FR which is used as an input to CIT, and a method

to generate ionospheric profiles from ionospheric parameters which can be used as an

a priori estimate for the first iteration of the reconstruction procedure.

The novelty of the CIT techniques discussed in Chapters 4 and 7, aside from

using the FR of the new signals to obtain TEC data, is that the process is considered

to be inverted. In this thesis the sources are ground-based while the receiver is in

space. This is in contrast of having constellations of satellite transmitters and ground-

based receivers in regions where it is convenient due to existing infrastructure and a

moderate climate as it is currently done. We essentially have relatively unconstrained

transmitters on land, air and sea being used in conjunction with a constellation of

satellite receivers in order to achieve true global coverage.

The proposed networks must have a sufficiently high number of transmitters,

high transmission rates and as a result a high ray density to be considered for use

with individual satellites. Eventually a constellation with global coverage can be

used, from which CIT at higher dimensions and/or possibly higher resolution may be

realized. This was not possible when this work started because an ADS-B concept

demonstrator had yet to be launched while AIS satellites were not launched until

2015, and finally the Iridium NEXT constellation was not completed until February

of 2019.

CIT using ADS-B and AIS signals received by Iridium NEXT constellation satel-

lites data could give global reconstruction to a more accurate degree in some remote

regions, while potentially providing reconstructions of all regions on a greater tempo-

ral scale than current methods due to constant monitoring. Temporal constraints will

occur because of how the users store the data in time, or for sparse air traffic, the in-

tegration dwell time to collect the minimum data for the quality of the reconstruction

required.

The orbit of a LEO satellite, with a shorter LOS access time compared to higher

altitude orbits could be appropriate for imaging structures that evolve on shorter time-

scales, especially for a constellation of satellites with polar convergence. Particular

scientific benefits may be realized by using data obtained over shorter time-scales
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in order to observe and study events that may not be observable over longer time

intervals. For example, a rocket passing through the ionosphere may cause a depletion

from the rocket exhaust. By using data over shorter time intervals, the event may

be observed over consecutive reconstructions to obtain a better understanding of how

the ionosphere responds compared to a single point measurement in time.

GPS CIT does not reconstruct the full region through which the signals propagate.

GPS methods tend to neglect a significant region between the satellite and what they

assume is the upper extent of the ionosphere. They assume that the electron density

above ∼2000 km does not contribute significantly to the TEC. This introduces a sys-

tematic uncertainty when integrating the TEC from the GPS satellite altitude (20 200

km) and reconstructing the ionospheric electron density at altitudes below 1000 km

from the data. In other words there is a systematic overestimation of the TEC in the

area of interest. While using a cut off below 60 km is acceptable since the troposphere

is considered not to contribute significantly to the TEC measurement, the common

upper altitude cut-off at 800 km should not be neglected. In reality, the plasmasphere

may contribute significantly to the TEC. If the plasmaspheric content was considered

in the TEC data, there is the added step of removing the plasmaspheric electron

content presumably by using numerical models. This type of correction introduces

an additional source of uncertainty to the data and the resulting reconstruction as a

consequence. This is not the case for CIT using LEO satellites, which measures and

reconstructs TEC from the transmitter to the receiver at 780 km altitude.

This work largely neglects the equatorial ionosphere due to the existence of nu-

merous types of sensors that may be deployed and the relative wealth of knowledge

regarding the equatorial and low-latitude ionosphere. It is more challenging to deploy

equipment at higher latitudes, like the polar caps or oceanic regions due to the lack

of infrastructure, maintenance personnel, harsh conditions and/or for lack of a stable

platform (e.g. an ISR deployed aboard a ship). Another reason it was neglected

is that the Earth’s magnetic field is also largely horizontal and while many unique

and interesting phenomena occur at equatorial regions, the lack of a strong parallel

component of the magnetic field does not make this region amenable to making ob-
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servations of FR. For a signal transmitted vertically, the geomagnetic field becomes

increasingly aligned with increasing latitude, which makes measurement of the TEC

using FR most conducive at higher latitudes.

The main focus of this work was advancing the understanding of magneto-ionic

wave propagation and investigating the feasibility of various pre-existing networks

for ionospheric sounding measurements and data assimilation, in the high latitude

F–region. The benefits of this work is two-fold. Firstly, the results will benefit

those studying space physics, primarily the near-Earth space-environment. Secondly,

the direct application of improved methods for global electron density mapping may

improve electronic communications and navigation for satellites as well as ground-

based HF and GPS positioning.

Accurately mapping the electron density structures using a new source of data will

supplement current methods of characterizing and modelling of the ionosphere. Two

dimensional maps give a much better representation of the ionosphere for numerical

models than simple vertical profiles. The broader aim of this research was to develop

a novel technique to remote sense the ionosphere in order to obtain a better under-

standing of the physics of the near-Earth space environment and the mechanisms of

the Sun-Earth system.

8.3 Key Findings

Of the numerous features that were reconstructed over the course of this thesis, the

majority were identifiable in the numerical reconstructions. The visibility of these

features varied as a function of the transmitter density that were simulated, the size

of the reconstruction grid and the location of the ionospheric electron density features.

All ionospheric features observed during the analysis are displayed as either a

relatively bright or dark feature on the corresponding colour-scale. The visibility

of a feature, or a combination of enhancements and depletions in the reconstructed

ionospheric electron densities agreed well with the initial electron density profiles.

The reconstructions showed that using only the STEC and no a priori estimate,

the presence of electron density enhancements or depletions were discernible. The
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resulting electron density structures were located near their initial location. The

results demonstrated the capability of ADS-B and AIS signals in CIT to highlight

regions of interest.

Small to medium (25 km to 2000 km) features with relatively large magnitude

relative to a quiet background within the reconstruction region were more likely to

be observed due to steeper gradients in the electron densities [Marcio T.A.H. Muella

et al., 2011]. Gradients are important in images of any kind [Elachi and van Zyl ,

2006]. For example, white (or even ivory or yellow) text and diagrams printed on

white paper does not convey much information, while black text creates the steepest

gradient and clearly conveys the information. Furthermore, larger spatial features

were intersected by many rays, independent of elevation angle and as a result had

less variation in the TEC output.

Results also showed that the features were masked at low altitudes (< 200 km)

because the F -region contributes much more to the TEC measurement, which is an

integrated value and therefore smooths out lower amplitude (D- and E-region) fea-

tures along the path. One way to fill the gaps in coverage below 200 km is to increase

the transmitter density. By increasing the number of transmitters, the coverage below

200 km is increased to fill the gaps, but this may not matter since the CIT technique

works best for the F -region.

From the results, the transmitter density was found to be the most important

factor that contributed to the visibility of the features. The accuracy of the inversion

process increased with the number of available measurements on crossing paths. This

indicated that it is beneficial to use as many transmitters and satellite receivers as

possible [Max van de Kamp, 2012]. Using these types of signals of opportunity for

CIT is advantageous compared to other types such as GPS since it may not be feasible

to deploy an increasing number of ground based receiving stations. It was observed

that the results over the course of this thesis agreed well with the published results

of other researchers as discussed in section 3.4.4.3 of Chapter 3.

Although the absolute electron density could not be confirmed, the reconstructions

showed good relative agreement with their respective initial profiles input to the ray
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trace program. There is in fact an overestimation of error when collecting data

over a short period in comparison with an empirical model such as the Chapman or

IRI models. CIT using signals of opportunity from a single satellite would enable

the study on time-scales which are much shorter and are not empirically modelled.

Quantitative prediction may not be reliable from a standard model run, regardless of

the model. Real data integration techniques are required for more reliable predictions

[Anderson et al., 1998].

Most of the work that refer to LEO satellites in the context of CIT dismiss the

possibility due to the large number of ground based receivers required in the GPS

ground based paradigm. This would indeed prove inefficient, uneconomical and not

practical. Andreeva et al. [2001], and many other independent investigations found

the geometry too narrow for adequate resolution of features given the confinement of

a limited number of ground-based receivers. Other literature sources that use LEO

satellites for CIT consider only occulting rays to other LEO satellites, or the LEO

satellites functioning as mobile GPS receivers. This approach neglects the electron

content below the LEO satellites altitude.

Contrary to many literature sources, Cushley [2013]; Cushley and Noël [2014] and

a paper accepted by Radio Science in December 2019 found that LEO satellites are

useful for CIT for regions having a similar size used for CIT by GPS. By inverting

the geometry with many transmitters below the ionosphere and using space-borne

receiver(s) travelling at large relative velocity, a synthetic bank of receivers along the

orbital plane is formed. The inverted model permits sufficient rays but it required a

priori vertical distribution of the electron density like GPS.

Although CIT using LEO satellites may suffer from a reduction in vertical reso-

lution the optimization of the number of sampling paths outweigh these other cons,

hopefully revolutionizing the concept of CIT and satellite design possibilities for sec-

ondary purposes.

This work has also shown that the ray-trace model is a useful tool for generating

CT input. In-situ data does not permit the same medium to be imaged by different

sampling geometries, or different mediums to be imaged by the identical geometry
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due to the ever-changing ionosphere. Ray trace output allowed for parameters to

be controlled in a variety of fashions, with the opportunity to try different sampling

geometries for the same medium, and different mediums for the same geometries. The

only way this could be conducted with in-situ data is using sub-sets of large datasets.

8.3.1 Summary of Important Results

To briefly summarize, the reconstruction results that were presented in Chapters 4

and 7 are improved with:

• Mesoscale electron density structures can be reconstructed.

• An increase in transmitter density and consequential increase in the number of

rays used;

• A grid which optimizes intersections and reduces the sparsity of the geometry

matrix;

• Structures having scale sizes larger than the grid resolution, but much smaller

than the width of reconstruction region;

• Steep gradients in the features, and larger variations in TEC for reconstruction;

• A wide range of elevation angles and slant ranges;

The work presented in Chapter 5 showed how a relatively simple model can be

used to characterize the ionosphere using three tunable parameters that can be ad-

justed to produce electron density profiles that agree with FR and TEC measurements

simultaneously. These could be used as various a priori estimates for the first iter-

ation of CIT. These estimates would be based on data rather than electron density

models, which could provide an improved representation of the ionosphere especially

during ionospheric disturbances.

The work presented in Chapter 6 showed how sensitive the conversion of TEC to

FR and vice versa is to different characteristic values for the average magnetic field

along the path. The previous assumption that an average value may be used to remove
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B from inside the integral in Eqn. 2.11 may have led to results that were sufficient

for earlier applications such as estimation of FR fading of signals, but a method to

improve the calculation for the average value for the magnetic field along a signal path

is needed for modern applications such as CIT or precision SAR image correction.

The method presented in the paper can be used to more accurately determine the

TEC along a path from FR measurements and produce more accurate TEC input for

the reconstruction procedure.

In summary, the thesis results supports using signals of opportunity for ionospheric

sounding, which will have economical and environmental benefits. This work demon-

strates that signals of opportunity can be used for the purpose of ionospheric sounding

and characterization in addition to their original intended purpose of monitoring air

space and marine traffic.

8.4 Future Work

As stated earlier, the main focus of this work was to use available signals of oppor-

tunity such as ADS-B, AIS, and HAM radio signals like APRS to supplement VTEC

mapping, CIT and improve ionospheric characterization. The future work ultimately

aims to fuse information extracted from IRI, ionosondes, radars, or any other methods

to compare with independent static and dynamic information acquired from signals

of opportunity in order to characterize IED on a large scale in 4D (latitude, longitude,

altitude, and time) in an automated manner. There is a great deal of work to be done

in order to accomplish this; too much to be described in any great detail here.

Preliminary studies were undertaken and have yet to be published. Some of the

areas of research have been de-prioritized either because they were computationally

intensive and not required for current studies or only provided marginal benefits.

Two examples include: the 3D CIT (see Fig. 8.1) and improvements to the geometry

matrix by considering the length of a ray passing through a given pixel relative to

other pixels.

The most basic form of the geometry matrix is a logical matrix and it was discussed

in section 3.4. The elements of the logical geometry matrix are one if a ray contributes



187

Figure 8.1: 3D reconstruction in slices of longitude.

to a given pixel, and zero otherwise. This does not account for the degree which

a particular ray contributes to the pixel value relative to another pixel for a ray

intersecting the pixels shown in Fig. 8.2. Using a logical index the red ray illuminated

pixels 2, 3, and 4 and each of them were assigned a value of 1. Pixel 1 was assigned

a value of 0. It is obvious from this figure that the contribution to the STEC of the

ray are not equal. It is greatest for pixel 2 and least from pixel 4 but in our current

work they were considered to be equal.

Following the initial success with the ART algorithm in Cushley [2013]; Cushley

and Noël [2014] it was used to maintain a direct comparison for the research presented

in Chapter 7. In the future, different reconstruction algorithms will be used to evalu-

ate their respective benefits and shortcomings, both qualitatively and quantitatively.

For example, MART has been shown in other applications to be preferable to that

of additive ART which leaves artefacts or tracer in the reconstructed field [Atkinson



188

Figure 8.2: Diagram showing the problem with the formation of the geometry matrix using a

logical index.

and Soria, 2007; Elsinga et al., 2006], as we saw in Chapters 4 and 7. Additional

areas for further research could include, in no particular order:

• Improving the formulation of the geometric matrix to consider the relative con-

tribution to each pixel rather than a logical index.

• Exploring adaptive grid size for reconstructions.

• 3D CIT using ADS-B (see Fig. 8.1).

• Simulating electron density depletions such as those in Cushley [2013].

• Using AIS and ADS-B as a priori information for one another.

• Comparing different VTEC mapping functions to plot VTEC as a function of

latitude using STEC more accurately.

• VTEC mapping using AIS, ADS-B and APRS signals. It was found the ray

density from APRS was not sufficient for CIT, but could be amalgamated with

AIS and ADS-B data like in Chapter 7.
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• Optimization of the relaxation parameter. The relaxation parameter is related

to the increment that pixel values are changed in each iteration and time for

convergence.

• Using a priori information from different sources including: the method dis-

cussed in Chapter 5, different models, or another instruments.

• Study the robustness of the technique to bad a priori guesses.

• Comparing CIT results using a posteriori and a priori information.

• Generating more dynamic electron density profiles (e.g. gradients) as input to

the ray trace model as well as a priori data or constraints for the reconstruction

procedure.

• Applying and validating the method of obtaining a more accurate characteristic

value for the parallel component of the magnetic field discussed in Chapter 6

to estimate of TEC from FR.

• Comparing various reconstruction algorithms such as SIRT, SART, MART,

Bayesian, etc.

• Comparing other ray trace models for example the PHaRLAP and DaVIT-py

rayDARN HF raytrace models [Cervera and Harris , 2014; de Larquier , 2011].

• Getting access and processing real observations. Currently there exists an

archive of AIS data, which includes the full waveform [Ian D’Souza, Arunas

Macikunas, Balaji Kumar - personal communication] covering approximately

the past decade. Discussions are ongoing to get access to the data from the

product provider.
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Cushley, A., J.-M. A. Noël, and K. Kabin, Faraday rotation, total electron content,
and their sensitivity to the average parallel component of the magnetic field, Rad.
Sci., 53, 1075–1088, doi:10.1029/2018RS006667, 2018.

Dahlgren, H., G. W. Perry, J. L. Semeter, J.-P. St.-Maurice, K. Hosokawa, M. J.
Nicolls, M. Greffen, K. Shiokawa, and C. Heinselman, Space-time variability of
polar cap patches: Direct evidence for internal plasma structuring, Journal of Geo-
physical Research, 117 (A09312), 1–15, doi:10.1029/2012JA017961, 2012.

De, S., S. Adhikari, and B. Sarkar, Non-linear RF heating of ionospheric plasma,
Earth, Moon, and Planets, 41 (3), 217–222, doi:10.1007/BF00113984, 1988.

de Larquier, S., rayDARN, Virgina Tech SuperDARN Lab,
Blacksburg, VA. GitHub executable file available at:
https://github.com/vtsuperdarn/davitpy/blob/master/davitpy/models/raydarn/,
2011.

de Selding, P. B., Harris, exactEarth aim to ride Iridium Next to growth in AIS, Space-
News, Alexandria, VA. Available at: https://spacenews.com/harris-exactearth-
aim-to-ride-iridium-next-to-growth-in-ais/, 2015.

Dhar, B., N. M. Vadher, and M. R. Deshpande, An equipment to measure Faraday
rotation angle of VHF waves received from a geostationary satellite, IETE Journal
of Research, 23 (12), 708–711, doi:10.1080/03772063.1977.11451514, 1977.

El-Naggar, A. M., Enhancing the accuracy of gps point positioning by converting
the single frequency data to dual frequency data, Alexandria Engineering Journal,
50 (3), 237–243, doi:10.1016/j.aej.2011.03.003, 2011.

Elachi, C., and J. van Zyl, Introduction to the Physics and Techniques of Remote
Sensing, second ed., John Wiley and Sons, Inc., Hoboken, NJ, 2006.

Elsinga, G., F. Scarano, B. Wieneke, and B. van Oudheusden, Tomographic particle
image velocimetry, Experiments in Fluids, 41, 933–947, 2006.

Erickson, W., R. Perley, C. Flatters, and N. Kassim, Ionospheric corrections for VLA
observations using local GPS data, Astronomy and Astrophysics, 366 (3), 1071–80,
2001.



195

European Space Agency, Tracking aircraft from orbit, Available at:
http://www.esa.int/Our Activities/Technology/Proba Missions/Tracking aircraft
from orbit, 2013a.

European Space Agency, Hitching a ride, Available at:
http://www.esa.int/Our Activities/Technology/Proba Missions/Hitching a ride,
2013b.

exactEarth, exactEarth launches advanced equatorial AIS satellite, exactEarth,
Cambridge, Ontario, Canada. Available at: http://www.exactearth.com/media-
centre/recent-news/287-exactearth-launches-advanced-equatorial-ais-satellite,
2015.

exactEarth, exactView RT powered by Harris info sheet: Real-time advanced
ship tracking solution, exactEarth, Cambridge, Ontario, Canada. Available at:
https://cdn2.hubspot.net/hubfs/183611/Landing Page Documents/exactView RT Slick Sheet.pdf,
2016.

Feeman, T., The Mathematics of Medical Imaging, Springer Undergraduate Texts
11 in Mathematics and Technology, Springer Science Business Media, LLC, doi:
10.1007/978-0-387-92712-1 2, 2010.

Felgenhauer, B., and F. Jarvis, Enumerating possible sudoku grids, available at:
http://www.afjarvis.staff.shef.ac.uk/sudoku/sudoku.pdf, 2005.

Fitzgerald, T., Observations of total electron content perturbations on GPS signals
caused by a ground level explosion, Journal of Atmospheric and Solar-Terrestrial
Physics, 59 (7), 829–834, 1997.

Francis, R., Detection of Automatic Dependent Surveillance - Broadcast signals
using stratospheric and orbital platforms, Master’s thesis, Royal Military College
of Canada, Kingston, ON, 2009.
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Copyright Agreements

The solution of pixels xi from the numerical example of CT in Chapter 3:

xi = 0, 2, 1, 1, 3, 0, 2, 1, 2.
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shape the research, analysis and manuscript. J.-M. A. Noël supervised the project.
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