
Chapter 1

Introduction

1.1 Background and Motivation

Guglielmo Marconi conducted an experiment in 1864 to demonstrate that an electromag-

netic signal could be transmitted between two relatively distant locations. Ever since,

radio transmission techniques have been pervasive in the practical applications of data

communication and target detection.

Most often a line of sight path is the ideal for radio transmission between the trans-

mitter and the receiver. However, transmission is still possible without a clear line of sight,

as mechanisms such as reflection, diffraction and refraction can provide non-line of sight

propagation. Indeed, the type of radio communication that provides the longest range

of transmission, without the aid of a satellite, is based on the refraction of radio-waves

through the ionised region of the atmosphere known as the ionosphere.

The propagation of radio waves in the ionosphere is the topic of the current project.

In particular, the problems related to the transmission of electromagnetic waves through

a rapidly varying medium such as the ionosphere will be investigated in great detail.

1.1.1 Ionospheric Propagation

Propagation of electromagnetic waves via the ionosphere is possible due to the effect of

refraction. In the lower atmosphere, electromagnetic waves traverse in a straight line
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trajectory because the refractive index remains at a constant value close to unity. At a

height of around 50km above the surface of the Earth, a region of atmosphere where free

ions are present begins to emerge. Such free ions, produced mainly by solar radiation,

form an ionised layer in the atmosphere. The simplest theoretical model of the ionised

layer that describes the formation process is the Chapman Layer model. By applying

assumptions on the structure of the atmosphere and the incoming solar radiations, the

theory of the Chapman Layer allows one to deduce the rate of ion production as a function

of height and the zenith angle of the incoming rays from the sun. Further assumptions to

describe the disappearance of the electrons, either through a recombination or attachment

process, are needed to determine the electron density distribution within the ionised layer.

This ionised layer causes the refraction of radio-wave in the High-Frequency (HF) range,

and therefore long range HF propagation.

One of the most important applications of radio-wave propagation is in radar systems.

Radar systems that can detect targets over very long ranges tend to employ ionospheric

propagation. Such radar systems do not require a line of sight path to the target and,

by the nature of their operation, are known as Over-The-Horizon Radar (OTHR). OTHR

operates in the HF range of 5 to 30 MHz, a range that is suitable for ionospheric radio-

wave propagation. Although the range of OTHR systems is far superior when compared to

the line of sight radar system, the signal suffers from adverse effects such as interference,

polarisation losses and fading. To overcome such effects, most OTHR systems employ

high a power transmitter. In the more advanced systems, channel characterisation is used

as a selection criteria to decide which channel will be best suited for transmission.

1.1.2 Fading of Radio Signals

Of the many adverse effects of ionospheric propagation, signal fading is one of the most

difficult to eliminate due to its unpredictable nature. Fading is the fluctuation of the signal

amplitude at the receiver that is caused by variations in the ionised medium between the

transmitter and receiver. It is very difficult to obtain a signal of a constant amplitude,

and at times the signal will “fade out” when the amplitude of the incoming signal has

dropped below the minimum detection level of the receiver. To minimise the occurrence

of the signal fade out, a high power transmitter is used to ensure that the signal is still

detectable at the receiver when the amplitude is reduced. However, a more novel approach
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to combat the effect of fading needs to be developed, especially for application in OTHR

systems.

The types of fading can be broadly classified into the categories of multi-path fading

and single path fading. In the extreme case of heavily disturbed ionospheric conditions,

fading due to scintillation will occur and this can be regarded as an extreme case of

multi-path fading.

Multi-path fading occurs when there is more than one path for the signal to traverse

between the transmitter and the receiver, most usually when the line of sight path is

not available. Multiple paths, also referred to as modes, can be generated within the

ionospheric propagation channel by a combination of reflections at different layers of the

ionosphere and multi-hop. Scattering of the signal by ionospheric irregularities can also

contribute. Due to the differences in length for the different paths, the waves arriving at

the receiver will have different phases, and interfere either constructively or destructively.

Large scale irregularities within the ionosphere, such as a Travelling Ionospheric Distur-

bance, have a behaviour that is time dependent, and therefore the interference behaviour

varies with time. As a result, the total signal at the receiver, which is obtained by super-

imposing the signals from the different paths, displays the characteristic of fading over

time. This is the effect that the phase differences between multiple paths have on the

amplitude of the received signal.

Another type of fading is the effect of polarisation mismatch due to Faraday rotation.

In general, there are two characteristic waves propagating in the ionosphere under the

influence of Earth’s magnetic field, the Ordinary (O) and the Extraordinary (X) wave.

An incident wave splits into the two characteristic waves upon entering the ionosphere.

Within the ionospheric propagation channel, the O and X waves travel with different

phase speeds. Therefore, the relative phase between the two waves is changing as they

traverse through the ionosphere. The change in polarisation of the combined O and X

wave as it propagates through a varying medium is known as Faraday rotation. The

polarisation of the resultant wave emerging from the ionosphere will be shifted from the

initial polarisation of the incident wave. In the case when the antennas on the receiving

side are oriented to match the polarisation of the incident wave, the shift in polarisation

will result in polarisation mismatch loss at the receiver. Fluctuations in the ionosphere

cause the changing of phase path difference between the O and X waves over time. As such,
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the received signal will exhibit the characteristic of temporal fading due to polarisation

mismatch.

Multi-path propagation and Faraday rotation are not the only mechanisms by which

fading of signals can be generated. For a single path wave, a mechanism that generates

fading at the receiver is the focussing and defocussing of the wavefront. Some form

of large-scale ionospheric irregularities can effectively act like a mirror that moves from

concave and convex and hence alternatively spreads out and then concentrates the power

of the signal arriving at the receiver. That is, the focussing and defocussing of the wave

directly affects the amplitude of the signal at the receiver.

In addition to the above, during the periods when the ionosphere is heavily disturbed,

fading of the signal propagating through the ionospheric channel becomes unpredictable

and very much random in nature. This is an extreme case of multi-path fading, for

which the decomposition of the incoming signal into discrete ray paths is not possible.

Such fading is the scintillation phenomenon that affects many practical radio and optical

systems.

1.2 Literature Review

1.2.1 Ionospheric Propagation

The fundamentals of ionospheric propagation, including the theory of formation of the

Chapman Layer, the constitutive relation and the famous Appleton-Lassen equation are

presented in the excellent texts by Budden [1] and Davies [2]. Yeh & Liu [3] presented

a more comprehensive mathematical treatment on the topic of electromagnetic waves in

the ionosphere.

1.2.2 Geometric Optics

The technique of geometric optics, or ray tracing, is a popular tool for studying radio-wave

propagation in the ionosphere. This is particularly true for ionospheric HF propagation,

since the wavelength is much smaller than the scale-length of the irregularities of the

medium. Haselgrove [4] has derived the ray tracing equations for a generalised ionosphere,
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and for the special case of ray tracing through the ionosphere in cartesian coordinates [5].

Jones & Stephenson [6] developed ray tracing code based on the Haselgrove’s equations

that is widely used in the ionospheric propagation community. Efficient ray tracing code

based on the Runge-Kutta-Fehlberg numerical solution to Haselgrove’s equations was

developed by Coleman [7].

Analytical solutions to the Haselgrove’s equations can also be applied for simple

geometries and models of the ionosphere, e.g. Analytic expressions for the ray path in

a quasi-parabolic model of the ionosphere was developed by Croft & Hoogasian [8]. A

major obstacle of the inclusion of Earth’s magnetic field into explicit analytical ray tracing

was overcome by introducing a first-order approximation called the frequency-scaling or

frequency-offset method in Chen [9] and Bennett et al. [10]. The frequency-offset method

was further refined by Bennett et al. and has been verified by experimental results [11].

1.2.3 Faraday Rotation and Polarisation Fading

The phenomenon of the polarisation shift in light waves when propagating in a medium

with an externally imposed magnetic field was discovered by Faraday [12], and is com-

monly known as Faraday rotation. One of the earliest theories of the effects of Faraday

rotation on radio-waves propagating in the ionosphere was given by Pedersen [13]. Yeh et

al. have done a number of studies on the effects of Faraday rotation for a wave propagating

in a number of different media [14] [15].

Much of the earlier work on the investigation of Faraday rotation on the effects of

radio-wave propagation in the ionosphere, in particular signal fading due to the shift in

wave polarisations, was focussed on experimental observations. Grisdale et al. [16] had

observed the signal fading over a number of long distance paths and done some pioneering

studies of possible diversity techniques based on spatial and polarisation separation. Hed-

lund & Edwards [17] was one of the earliest studies to look at the effects of polarisation

fading in particular. Kelso presented the theory of Faraday rotation of radio signals based

on a variational approach, for both the single signal case [18] and the two-signal case [19].

Epstein developed a simple model of polarisation fading based on the information from

oblique ionograms [20].
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More recently, Anderson [21] has investigated the signatures of Faraday rotation in

the context of HF skywave radar. Barnes [22] did a comparison of various numerical

methods in the calculation of Faraday rotation and concluded that ray tracing is the best

compromise between accuracy and efficiency for the calculation of Faraday rotation.

1.2.4 Amplitude Fading

In looking at the amplitude of the wave as it propagates through the ionosphere, Bud-

den [1] has presented solutions based on WKB approximation and the exact solution using

Airy’s functions. Kiang & Liu [23] studied the effects of a turbulent stratified ionosphere

on HF wave propagation of vertical incidence based on the multiple phase screen ap-

proach developed by Knepp [24]. Wagen & Yeh [25] further extended the work to oblique

incidence and where the concept of Complex Amplitude was first introduced.

The signal intensity can also be calculated using the ray tracing approach. Davies [2]

presented the simple concept of a raytube within which power remains unchanged, however

the cross-sectional area of the raytube and thus the power density may vary due to

irregularities in the ionosphere. Västberg & Lundborg [26] used the ray tracing technique

to study the signal intensity of a wave propagating in the magnetised ionosphere with

inhomogeneities. Nickisch [27] took a different approach in calculating the amplitude

focussing effects of the ionospheric irregularity by integration along a single ray, which is

similar to the phase-screen approach.

For a heavily disturbed ionosphere, the rapid signal fluctuations almost become ran-

dom in nature and this rapid fading is known as scintillation. A study of radio-wave

scintillation was presented by Yeh & Liu [28] in which a stochastic approach was used.

Scintillation theory of fading was also presented by Booker & Tao for the near-vertical

incidence case [29] and by Booker et al. for the oblique incidence case [30].

1.2.5 Propagation Models

Studies on the prediction of fading signals have been presented by Duel-Hallen et al. for

the long-term forecasting case [31], and by Fridman et al. for the short-term forecasting
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case [32]. Both of those studies were based on a statistical approach with no consideration

on the physical nature of the fading problem.

Another approach in the modelling of signal fading in the HF channel is the tapped

delay line model by Watterson et al. It is a statistical model where certain hypotheses on

the channel scattering characteristics are made for the taps in the delay line [33]. Even

though the Watterson model was verified by experimental data showing the validity of

the results, it is only suitable for narrowband channels of less than 12 kHz. An improved

wideband HF simulator by Mastrangelo et al. is based on the time-varying channel impulse

response for each propagation path, which incorporated statistical models for man-made

noise and interference as well as atmospheric noise [34]. However, both of those models

are lacking in the intuitive explanation of the direct relationships between the ionospheric

irregularities that are causing the fading and the observable fading in the received signal.

A very simple propagation model was presented by Lindström & Johansson [35] where

some features of signal fading were demonstrated. There are a number of models of HF

ionospheric propagation based on geometric optics. Västberg & Lundborg [36] presented

a propagation model based on geometric optics, in which signal fading in the ionospheric

HF channel perturbed by a large-scale irregularity was studied. In most geometric optics

based models, the signal intensity is calculated by the raytube technique.

In a more comprehensive and elaborate propagation model, it is quite computationally

intensive to simulate fading effects and thus their models cannot be operated in real-time.

Comprehensive models presented by Gherm & Zernov [37] and by Gherm et al. [38] are

biased towards accuracy rather than operational efficiency.

1.2.6 Experimental Apparatus and Data Collection

One of the more recent and elaborate experimental characterisations of the narrow-band

HF ionospheric channel is the DAMSON experiment as outlined by Angling et al. [39]

in which digital signal processing formed an integral part. The trend towards digital

signal processing is becoming more widespread with the advancement of software radio

techniques, and one of the first HF software radios was presented by Davies [40]. Coupled

with the miniaturisation of the antenna size in the HF frequency range based on the
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active antenna technique presented by Salvati [41], it is possible to develop a compact

and flexible channel probe for experimental data collection.

Frequency-modulated continuous-wave (chirp) signals have been widely deployed in

radar systems due to the fact that both range and velocity can be extracted unambigu-

ously and due to the relative simplicity in chirp signal processing [42]. It was shown by

Salous [43] that chirp signals are also suitable for the measurement of coherence of the

wideband HF channel.

1.3 Research Objectives and Approach

The following list outlines the objectives of this project:

• To create a mathematical model that describes the effect of ionospheric irregularities

upon radio-wave propagation;

• To design and implement a compact channel probe based on digital radio and active

antennas;

• To investigate the limitations of such a probe. In particular, to investigate the effects

of noise and intermodulation distortion of the active antenna on the performance of

the overall system;

• To use the compact channel probe and transmitters of opportunity to verify the

mathematical modelling;

• To investigate the possible application of the findings to radar and communication

systems.

In this project, two main facets of research activity are proposed: the theoretical mod-

elling of radio-wave propagation through the ionospheric irregularity, and the practical

side which involves the development of experimental techniques for rectifying the theory

and investigating the possible application of novel diversity techniques to radio systems.

The inter-dependency between the theoretical and experimental sides of the research work

cannot be understated, as the convergence of the two is necessary to bring about a suc-

cessful outcome for this project. In the subsequent chapters, a detailed description of

each of the various research areas will be presented.
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The modelling of radio-wave propagation through the ionosphere and its irregular-

ities is very important in the context of this project because such a model provides a

good understanding of the physical mechanism behind the many types of fading that are

observed in reality. This simple theoretical model encapsulates all of the phenomena that

could affect the propagating signal, including the phase of different modes, polarisation

mismatch due to Faraday rotation and focussing/defocussing effects of the wave.

The reason behind building a propagation model is to accurately reflect the actual

fading of the signal through the ionospheric propagation channel. In building the model,

a solid understanding of the ionospheric propagation channel and its inhomogeneous na-

ture can be ascertained. This is imperative in devising techniques to counteract the

unpredictability of the channel. In addition, such a model can be used as a testbed for

techniques designed to combat fading. The completed and verified propagation model is

intended to be used as a testbed for system design engineers. This testbed will function

as a foundation from which techniques to optimise the ionospheric propagation of HF

signals could be developed and implemented. Target tracking methods and communica-

tion error-correction algorithms are such examples. Ultimately, it is intended that the

model will provide the ability to perform inversion of the fluctuating signals to pinpoint

the physical mechanisms that produce the fluctuations in the first place.

A compact portable channel probe has been implemented to enable the acquisition of

ionospheric channel data in both horizontal and vertical polarisations from a multiplicity

of locations. Previously the Jindalee OTHR did not have such a probe and so the results of

the current work are an important step forward in understanding the operation of OTHR.

The channel probe constructed as part of this project consists of two active crossed-dipole

antennas together with a fully digital receiver. The motivation behind the use of an active

antenna is that it can be made much smaller than the full half-wave dipole antenna and

thus make the apparatus portable. In the frequency of interest in this project (10–30MHz),

a resonant half-wave dipole antenna would have length in the vicinity of tens of meters.

With an active antenna, the size of the antenna can be reduced by an order of magnitude.

The other major component of the channel probe is the digital receiver. Digital radio

techniques provide a fully programmable architecture so that the functionalities of the

channel probe can be defined by software (i.e. software radio).
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The limitations of the channel probe used for the experimental verification of the

propagation model needs to be analysed to ensure that the measurement is reliable. It

is critical that the effects of the apparatus on the received signal are well known and

accounted for when analysing the signal. As with all active devices, the performance

of the active antenna is limited by the noise that it generates and the intermodulation

distortion.

The channel probe allows a wide variety of experiments at different field locations,

and in particular, to observe and capture the temporal and spectral fading behaviour

of radio signals propagating in the ionosphere. Frequency-Modulated Continuous-Wave

signals are ideal for the experimental study of fading of radio-waves propagating in the

ionosphere due to the following advantages: good frequency and time resolution of the

observed signal, ability to resolve different propagation modes, and lower susceptibility to

random interference. With the cooperation of the Defence Science and Technology Organ-

isation, an experimental campaign using the signals from the Jindalee OTHR transmitter

was conducted. The data were analysed to give an anatomy of fading for HF signals

propagating in the ionosphere.

1.4 Overview of Thesis

The structure of the thesis is shown in Figure 1.1. Chapter 2 describes the theory of

signal fading in radio-wave propagation in the ionosphere along with the formulation of

the models of amplitude and polarisation fading. The theoretical models of fading were

implemented in the Ionospheric Propagation Simulator, which is presented in Chapter 3,

along with the simulation results of signal fading in a number of representative propagation

environments.

Chapter 4 outlines the design and development of the experiments that were used to

obtain observations of signal fading. In addition, important issues concerning software-

defined radio systems are discussed. Details of the actual experimental campaign are

presented in Chapter 5.

Results from the Jindalee radar experiments, and comparisons with the simulation

results from the IPS, are presented in Chapter 6. Particular focus is placed on the different
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types of fading that were observed during the time period from late afternoon to night-

time.

The Appendices contain relevant, but detailed, information that complement the

ideas presented in the main text. Such topics include: Detailed derivation of the fading

models, additional simulation results from the theoretical model, the design and con-

struction of the elliptic low-pass anti-aliasing filter for the digital receiver, the antenna

simulation circuit, and additional experimental results.

1.5 Major Research Contributions

The following list outlines the major contributions that are contained within this work:

• An unified theoretical model of fading that incorporates the effects of Faraday ro-

tation fading, amplitude fading due to focussing and defocussing, as well as the

effects of multi-path fading. This theoretical fading model produces simple ana-

lytical expressions that relate the physics of the ionospheric irregularities to the

observable propagation effects due to the irregularities. From the theoretical model

an efficient propagation simulator could be developed for further research into signal

fading and mitigation techniques, which could be easily integrated into existing ray

tracing tools that are currently used for ionospheric propagation research.

• Development of a digital compact channel probe capable of operating in dual polar-

isation mode, and the characterisation of such systems to ensure that data collected

are not compromised by the non-idealities of the individual devices contained within

the system.

• The collection and analysis of experimental data containing operational OTHR

transmissions, where the full anatomy of fading of signals propagating in the iono-

sphere for both horizontal and vertical polarisations has been completed. Further

channel characteristics could be analysed using this unique set of experimental data.

• The combination of a theoretical model and experimental data collection that allows

one to fully understand the different aspects of fading of signals propagating in

the ionosphere, which sets the foundation for further research into possible fading

mitigation techniques.
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Figure 1.1. Structure of the thesis.
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Chapter 2

The Theory of High-Frequency

Signal Fading

The use of HF radio-wave propagation in the ionosphere is still widespread for applications

such as long-range communication, over-the-horizon radar and commercial broadcasting.

The advancement of data communication using HF, and the introduction of HF digital

radio broadcasting places a greater demand on the frequency bandwidth supported by the

ionospheric propagation channel [44]. The ability to acquire the behaviour of the channel

and the knowledge of how the channel will affect the propagating signals is imperative

to ensure the reliability, and maintain adequate performance, of modern wide-bandwidth

HF systems. One of the most pervasive effects on the signal propagating in the ionosphere

is the amplitude fluctuation of the received signal, commonly known as fading.

Signal fading is a persistent problem for any system that utilises the propagation

of radio-waves in the ionosphere. It is the objective of the current chapter to outline

the problem of fading from a theoretical point of view, and gain intuitive insights into

the problem by understanding the physical mechanisms that cause signal fading. This

culminates in the theoretical modelling of signal fading. As with all models, there are

certain limitations beyond which the model fails to provide an accurate representation

of the actual phenomena. Nevertheless, valuable understanding of the problem, and

an insight into its solution, can be gained from a theoretical model of fading that is

representative for typical scenarios.
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The chapter begins with an outline of the important aspects, and special features,

of radio-wave propagation using the ionosphere as the medium. This is followed by an

overview of the problem of fading and a description of the mechanisms that can cause

fading, especially for the case of ionospheric propagation. Derivation and development

of the signal fading model will be presented, along with the limitations and possible

applications.

2.1 Propagation of High-Frequency Radio-waves in the

Ionosphere

Since Guglielmo Marconi’s demonstration of transatlantic radio communications more

than a century ago, the apparent reflection of the transmitted radio-waves from the

ionosphere, referred to as ionospheric propagation, has found many useful applications

especially in the area of long range communications. The ionosphere is a complex and

dynamic medium under the influence of many external factors, and the propagation of

radio-waves in such conditions suffers from many adverse effects. The basis of ionospheric

propagation, and its effects on a propagating radio-wave, will be introduced in this sec-

tion. It is not the purpose of the current section to provide an exhaustive description

of the theory of radio-wave propagation in the ionosphere, but rather to introduce the

important aspects and theory of the mechanisms that make radio-wave propagation pos-

sible. Note that groundwave propagation is not discussed as this is a mainly short range

mechanism at the frequencies of interests. For a complete treatment on the theory of

ionospheric propagation, the reader should refer to the excellent texts by Budden [1] and

Yeh & Liu [3].

The ionosphere is the part of the atmosphere in which free electrons and ions are

in sufficient number to affect the propagation of radio-waves. These free electrons, and

ions, are produced by the photo-ionisation process between the incoming solar radiation

and elements present in the atmosphere and are arranged in almost horizontally stratified

layers from a height of 50 kilometres up to several thousand kilometres. The ionised

layers are defined in regions: D, E and F, and within each region distinct electron density

peaks can be observed. The structure of the ionosphere is dependent upon seasonal,
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geographical, diurnal and Sunspot Number (SSN) variations. Figure 2.1 illustrates the

diurnal variations between the typical day-time and night-time ionosphere.

(a)

(b)

Figure 2.1. The structure of the ionosphere with the different layers of ionisation and their respective

heights. (a) Day-time structure, and (b) Night-time structure.

The F layer is split into the F1 and F2 sub-layers, with the F2 layer having the most

dominant influence on the propagation of HF radio-waves in the 3 to 30 MHz frequency

range. Incoming electro-magnetic (EM) waves interact with the ionised layer as governed

by the motions of free electrons in an imposed electromagnetic field. The frequency of

oscillation of an electron in an induced electric field, created by the displacement of a
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plasma, is given by the angular plasma frequency ωp:

ω2
p =

Ne2

ε0m
(2.1)

where N is the electron density per cubic metre, e and m are the charge and mass of an

electron respectively. The angular gyro-frequency ωH is the frequency of oscillation of an

electron in an imposed magnetic field and is given by:

ωH =
eB

m
(2.2)

where B is the magnitude of the magnetic flux density of the imposed magnetic field. The

magnetic field of the Earth has a strong effect on ionospheric radio-wave propagation.

The constitutive relations in magneto-ionic theory combine the forces imposed on

the free electrons (which include the electric force from the incoming electromagnetic

wave, the force imposed on the moving electron by the Earth’s magnetic field and the

force exerted when an electron collides with a neutral particle), and the resulting set of

Maxwell’s equations can be solved for waves propagating in an ionised medium with an

external magnetic field [45]. This results in the Appleton formula for the refractive index

of the ionospheric propagation medium. The complex refractive index n is given by

n2 =
X

1 − jZ − Y 2

T

2(1−X−jZ)
±

√
Y 4

T

4(1−X−jZ)2
+ Y 2

L

(2.3)

where

X =
ω2

p

ω2
, (2.4)

YL =
eBL

mω
, (2.5)

YT =
eBT

mω
and (2.6)

Z =
ν

ω
(2.7)

and where ω is the angular frequency of the radio-wave, ν is the collision frequency

between the electrons and neutral molecules, and the L and T subscripts refer to the

transverse and longitudinal components of the magnetic field (referred to the direction of

the wavefront normal as shown in Figure 2.2). The plus and minus sign in (2.3) indicates

that the complex refractive index may take two different values, the result of which is that

the medium can support the propagation of two characteristic modes. The two modes
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Figure 2.2. Magnetic field orientation showing the Transverse (T) and Longitudinal (L) component

of B0 relative to the wave normal vector k.

are commonly referred to as the Ordinary (O) wave and the Extraordinary (X) wave. For

the case when the wave frequency is low (comparable or below the gyro-frequency), there

will be a third propagation mode. However, this third mode will not be present for the

frequency of interest in this project.

The simplest ionospheric propagation medium for analysis is one with the absence of

the imposed magnetic field (YL = YT = 0) and without collision (Z = 0). In such case

the refractive index has only a real part:

�{n}2 = 1 − X = 1 − ω2
p

ω2
(2.8)

and only a single propagation mode is present. Using (2.8) and Snell’s law (n1 sin φ1 =

n2 sin φ2, where φ1 and φ2 are angles between the wave normal and normal of the bound-

ary), it is possible to calculate the path of wave propagation, and the height at which the

wave is reflected is when the refractive index is given by [46]

n = sin φ0 (2.9)

Page 17



2.1 Propagation of High-Frequency Radio-waves in the Ionosphere

where φ0 is the angle of incidence of the wave as it enters the ionosphere. It is the

refraction of HF radio-waves back towards the Earth by the ionosphere that allows the

propagation of radio-waves over long distances.

For a more general ionosphere with an imposed magnetic field and with collision taken

into account, the method of Geometric Optics (GO), otherwise known as ray tracing, is

used to calculate the propagation path. Assume a time harmonic electric field propagating

in the ionosphere, represented by [47]

E(r) = E0(r) exp(jβ0φ(r)), (2.10)

where β0 = 2π
λ0

is the free-space wave number, and E0 and φ are the amplitude and phase

of the time harmonic field respectively. Under the ray tracing limit where the wavelength

is much shorter than the scale length of medium variation, the Maxwell equations

∇×∇× E− ω2μεE = 0 (2.11)

imply the eikonal equation

∇φ · ∇φ = n2 (2.12)

where n is the refractive index of the medium. From the eikonal equation, which defines

the wavefront, and noting ray path r = r(g) is orthogonal to the surface of constant φ,

the ray path can be ascertained by solving

d2r

dg2
=

1

2
∇n2 (2.13)

where g is a parameter along the ray known as the group path and is given by

g =

∫ end

start

ds

n
(2.14)

where s is the geometric distance along the path. That is, by specifying the initial position

and direction of the time harmonic wave, (2.13) is used to calculate the ray path of the

wave through the ionosphere. The differential equation for the ray path could be solved

analytically if the imposed magnetic field and collisions between electrons and neutral

molecules are neglected in the refractive index term. For a more general refractive index

profile, numerical differential solvers are used to calculate the path [48].

The amplitude of the wave can be ascertained from the properties of the Poynting

vector which is given by [47]

S =
1

2η
|E|2dr

ds
(2.15)
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Figure 2.3. A ray tube where the bundle of rays intersects area S1 on a constant phase surface φ1,

and the same bundle later intersects area S2 on a constant phase surface φ2.

where η is the characteristic impedance of the medium, and is a measure of the power flow

in the propagation direction. The differential term in (2.15) indicates that the energy of

the wave is travelling in the direction of the ray paths. For the case of a radiating source,

the ray paths will diverge away in the form of a ray tube. Part of a ray tube is shown in

Figure 2.3. Since no energy will flow across the ray tube, the power flowing through the

ray tube that intersects an area S1 on the constant phase surface φ1 will be the same as

the power flowing through the ray tube at a later phase surface φ2 that intersects an area

S2, and therefore

S1
|E1|2
η1

= S2
|E2|2
η2

(2.16)

where Ei and ηi are the electric field and the corresponding impedance on the phase

surface φi (i = 1, 2). (2.16) can be used to calculate the amplitude of the electric field as

it propagates through the ionosphere.

2.2 Fading of High-Frequency Signals

Of the many adverse effects of ionospheric propagation of radio-waves, signal fading is one

of the most difficult to eliminate due to its unpredictable nature. Fading is the fluctuation

of the signal amplitude at the receiver that is caused by changes in the propagation
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Figure 2.4. The fading of the received signal on orthogonal antennas for a AM carrier signal at

9660 kHz. Fades of up to 30 dB were experienced which would cause the drop-out of

the audio signal.

medium between the transmitter and receiver. Consequently, the study of fading leads to

some insights into the ionospheric irregularities that are causing it.

An example of signal fading is shown in Figure 2.4. The received Amplitude-Modulated

(AM) carrier signals were affected by temporal amplitude fluctuations by as much as

30 dB. For an analogue system, fading would cause a momentary “drop out” when the

amplitude of the incoming signal has fallen below the minimum detection threshold of the

receiver. Even in modern digital systems, bit-error rate increases due to the reduction

of signal-to-noise ratio caused by the fading of the signal. Fading is thus an unavoidable

problem for any system that utilises the propagation of radio-waves.

Fading is most commonly caused by interference between the multiple propagation

paths from the transmitter and the receiver. This is known as interference fading. The
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Figure 2.5. Multiple propagation paths between the transmitter and receiver could interfere either

constructively or destructively at the receiver depending on their path differences.

waves from the different propagation paths could interfere either constructively or destruc-

tively at the receiver depending on their path differences. As the interference changes in

time, signal fading occurs. For a signal transmitted from an antenna with effective height

heff, excited by a current I, the total received signal for N different propagation paths

between the transmitter and the receiver is given by [47]

VR =
jωμIh2

eff
4π

N∑
i=1

exp(−jβli)

li
Ri (2.17)

where μ is the permeability of the medium, li is the phase path distance and Ri is the

amplitude and phase modification due to any reflections (ionosphere or ground) in the i-th

propagation path. Assuming that there is no reflection loss in any of the paths, i.e. Ri = 1,

it is evident that changes in the phase path distances li will cause the received signal to

fluctuate through the summation of the exponential term in (2.17). Such fluctuations

could be caused by fluctuations in ionosphere height H , as shown in Figure 2.5.

For the ionospheric propagation channel, interference fading is only one of the fading

mechanisms. Since the ionosphere is a complex and dynamic medium, fading can also

occur on a single signal due to temporal fluctuations in the electron density that give rise

to fluctuations in the defocussing of a signal. Furthermore, there can be fluctuations in
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(a) (b)

Figure 2.6. The effects of medium-scale travelling ionospheric disturbance (TID) on the radio-wave

propagation. Ray tracing code was used to generate the ray paths for a receiver located

at 1220 km from the transmitter. (a) Defocussing ray paths as observed by the receiver

at 1220 km. (b) Focussing ray paths as observed by the receiver at 1220 km.

the absorption. Figure 2.6 shows the movement of ionospheric irregularities causing the

focussing and defocussing of the rays which result in the fluctuation of signal level at the

receiver. Another fading mechanism for ionospheric propagation is the rotation of wave

polarisation, commonly known as Faraday rotation, due to the different phase speeds at

which the characteristic modes, O and X waves, propagate in the ionosphere. This give

rise to fading when the receiver antenna has a fixed linear polarisation.

The dispersive nature of the ionosphere brings further complications to the fading of

the received signals. The phase distance of the different paths, as well as the rotation of

the polarisation of the wave, will not only change in time but also with wave frequency.

This frequency dependency means that the fading of the signal will not be constant across

the frequency bandwidth. Thus the fading behaviour of signals propagating through the

ionosphere has unique spectral as well as temporal characteristics.
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2.3 Modelling Motivations and Objectives

The modelling of radio-wave propagation through the ionosphere and its irregularities

is very important in the context of this project because the model provides a good un-

derstanding of the physical mechanism behind the many types of fading described in

Section 2.2. In the proposed model, the main objective is to describe the effects of iono-

spheric irregularities on signals propagating through the ionosphere. This model will

encapsulate the important phenomena that can affect the propagating signal, including

the phase distance of different modes, polarisation mismatch due to Faraday rotation and

focussing/defocussing effects of the wave.

The motivation behind building a propagation model is to provide a means of relating

the fading behaviour of a signal to the physical nature of the ionospheric propagation

channel. By developing the model, it has been possible to gain a good understanding of the

relationships between fading and the irregular structure of the ionospheric channel. This

is imperative in devising techniques to counteract the unpredictability of the channel. In

addition, the model is used as the basis of an efficient Ionospheric Propagation Simulator

that can be used to test the effectiveness of various diversity schemes.

2.4 Model of Polarisation Fading

Polarisation fading is the fluctuation of the received signal due to the shift in the incoming

wave polarisation, changing across both time and frequency. This is particularly trouble-

some for HF radar and communication systems where the receiving antenna are of fixed

orientation. The rotation of the polarisation causes mismatches between the incoming

wave and the antenna, and therefore incoming signal strength is not fully captured in

most cases. In addition, fading across frequency can be troublesome in wideband systems

such as over-the-horizon radar and modern digital broadcasting (e.g. DRM).

The Polarisation Fading Model (PFM) is developed to demonstrate how ionospheric

irregularities, e.g. Travelling Ionospheric Disturbances, affect the polarisation of HF waves

propagating through the ionosphere. In particular, the focus will be placed on frequencies

that are commonly used for communication and surveillance purposes in the mid-latitude
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Figure 2.7. The different phase paths and phase speeds of the Ordinary (O) and Extraordinary (X)

characteristic waves. Colour scaling represents the refractive index of the medium.

environment. The information obtained from the modelling, such as the effects of po-

larisation fading and the physics of its cause, can be applied in the development of the

polarisation fading mitigation techniques.

The physics behind the cause of polarisation is as follows. Upon entry into the

ionosphere, a linearly polarised wave will split into the two characteristic O and X waves,

these having different phase speeds and hence phase path distances. This effect is shown

in Figure 2.7. If there is an equal power division between the O and X waves, and the

waves suffer the same attenuations, when they are summed at any point along the path,

the net effect will be rotation of polarisation axis for a wave that was originally linearly

polarised. This is the Faraday rotation effect [15]. As the ionosphere is a dynamic medium,

the continually changing conditions will cause a constantly changing orientation of the

polarisation axis. At a linearly polarised receiving antenna, this will lead to a changing

amplitude of received signal (i.e. fading).

To model the polarisation fading effects, it is necessary to calculate the phase path

traversed by the characteristic O and X waves as they propagate through a disturbed

ionosphere. The final phase difference at the receiver will determine the final rotation
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of the polarisation vector. Ray tracing can be employed when the wavelength is much

shorter than the scale-length L of the ionospheric irregularities, i.e. λ � L. Also, it is

important to know the polarisation of the O and X waves, as well as the power division

between them, when they enter the ionosphere. This will allow the calculation of the final

wave polarisation, and amplitude, at the receiver.

2.4.1 Mode Polarisation

The wave polarisation describes the state of the electric field vector of the wave as it

propagates, and it is given by the ratio between the electric field components that are

orthogonal to the direction of propagation. Referring to the axis defined in Figure 2.2,

the wave polarisation is given by

ρ =
Ez

Ey
(2.18)

where Ey and Ez are the y and z component of the electric field respectively (propagation

in the x direction). For radio-wave propagation in a generalised ionosphere, the two

characteristic waves O and X have distinct wave polarisations given by [45]

ρ =
j

2YL

{
Y 2

T

1 − X − jZ
±

√
Y 4

T

(1 − X − jZ)2
+ 4Y 2

L

}
(2.19)

where the quantities X, YL, YT and Z are as defined in (2.3). For HF radio-waves that

are generally used for communication and surveillance purposes, they are propagated and

refracted through the F-region where the collision frequency is quite small compared to

the operating frequency, i.e. Z ≈ 0, and thus the characteristic wave polarisations reduce

to

ρ =
j

2YL

{
Y 2

T

1 − X
±

√
Y 4

T

(1 − X)2
+ 4Y 2

L

}
(2.20)

and under such collision-less circumstances the O and X waves are elliptically polarised,

with their elliptical axis oriented 90◦ relative to each other and rotated in opposite senses

since

ρ+ρ− = 1. (2.21)

This is shown in Figure 2.8.

Upon entering the ionosphere, the power of the incident wave is divided to excite the

O and X waves. The limiting polarisations of the O and X waves as they are excited will
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Figure 2.8. The polarisation ellipses of the Ordinary (O) and Extraordinary (X) characteristic waves.

Note the wave propagation direction is along the x-axis, i.e. into the page.

also contain information regarding how the power is divided between them. Consider a

vertically polarised wave entering the ionosphere propagating in the same direction as the

imposed magnetic field, i.e. longitudinal case. The incident wave will split into the O and

X waves upon entry, and since the electron density at the point of entry is very small, by

putting X = 0 in (2.20) the polarisations of the O and X waves are given by

ρ =
j

2YL

{
Y 2

T ±
√

Y 4
T + 4Y 2

L

}
(2.22)

where the upper and lower signs represent the O and X waves respectively. The polari-

sation ellipses must cancel along the horizontal axis as shown in Figure 2.9 because the

incident wave is vertically polarised. Using the fact that

(Ez)O = (Ez)X (2.23)
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Figure 2.9. The limiting polarisation ellipses of the O and X wave excited by a vertically polarised

incident wave propagating in parallel with the magnetic field lines.

along the horizontal axis, and the definition of ρ

(Ez)O = ρ+(Ey)O, (2.24)

(Ez)X = ρ−(Ey)X , (2.25)

we obtain

(Ey)O =
ρ−

ρ+

(Ey)X . (2.26)

Given the relationship between O and X wave polarisations in (2.21), it is possible to

calculate the energy distribution between the O and X waves when they are excited by

the incident wave:

(Ey)O = ρ2
−
(Ey)X . (2.27)

Since the wave frequencies are much higher than the gyro-frequency in HF commu-

nication and surveillance systems, the O and X wave polarisations are approximately

|ρ±| ≈ 1 (2.28)
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except for the case of transverse propagation where

ρ+ → ∞, (2.29)

ρ− → 0. (2.30)

(2.28) implies that, providing there is some longitudinal field,

• O and X waves are approximately circularly polarised and rotate in the opposite

sense, further

• The power is split evenly between the O and the X wave,

for the majority of the cases involving HF communication and surveillance systems [49].

2.4.2 Development of the Model

With the knowledge of the mode polarisations, the development of the PFM proceeds with

the aim of calculating the change in phase path as the O and X waves propagate through

the ionosphere, and how ionospheric perturbations (such as a typical travelling ionospheric

disturbance) will affect the phase paths. The model employs ray optics techniques to

produce an analytic solution for the ray path of the wave, which can then be applied

to the calculation of the phase path and its perturbations. The development of the ray

optics component of the model, namely the ray path and phase path calculations for

the background ionosphere, follows closely to that of [47]. The novel contributions of

the model are in the way the phase path perturbation is calculated for the irregular

ionosphere, by exploiting the consequence of Fermat principle.

The parabolic ionospheric profile was used to allow for the analytic solution for the

ray path and phase path distance. The refractive index n of the ionosphere, which does

not include the effects of the imposed magnetic field, is

n2 = 1 − f 2
p

f 2
(2.31)

where f is the frequency of the incident wave, and fp is the plasma frequency of the

medium. The ionosphere is modelled as a single parabolic F2 layer, with the expression

for the plasma frequency fp given by

f 2
p = f 2

oF2

(
1 −

(
z − hmF2

ymF2

)2
)

(2.32)
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Figure 2.10. Geometry of the ray path of a wave propagating through the ionosphere. hmF2 is the

height of the peak electron density and ymF2 is the semi-thickness of the parabolic

layer .

where foF2 is the critical frequency, hmF2 is the height of peak electron density and ymF2

is the semi-thickness of the layer. In the current co-ordinate system, z is defined as the

vertical distance. For the ionosphere as defined, there is no loss in generality in confining

the ray tracing to the 2D x-z plane. The refractive index is dependent on the frequency of

the incident wave and the vertical distance z. Now the ray path r(x, z) can be analytically

determined by solving the differential equation 2.13 in terms of the group path parameter

g. The geometry of the path and the various parameters are shown in Figure 2.10.

Ray path

A full derivation of the ray path can be found in Appendix A.1. The expressions for the

ray path within the ionosphere are

x = (cosα)g +
hmF2 − ymF2

tanα
(2.33)

z = Ceκg + De−κg + hmF2 (2.34)

Page 29



2.4 Model of Polarisation Fading

where α is the angle of elevation of the ray with respect to the ground, and the constants

are given by:

κ =
foF2

fymF2

(2.35)

C =
sinα − κymF2

2κ
, D =

− sinα − κymF2

2κ
(2.36)

The group path parameter g starts at 0 upon entering the ionosphere and takes on the

value g1 as the ray path exits the ionosphere. The value g1 can be calculated by knowing

that the heights upon entering and leaving the ionosphere are the same:

z(g1) = z(g = 0) = hmF2 − ymF2 (2.37)

and that the derivative of the height with respect to g upon leaving the ionosphere is

given by:
dz

dg

∣∣∣∣
g1

=
dz

dg

∣∣∣∣
g=0

= − sin α. (2.38)

The value of g upon leaving the ionosphere is

g1 =
ln(D) − ln(C)

κ
. (2.39)

This value g1 can now be used to calculate two important parameters: ground range and

phase path distance. Ground range is obtained by substituting g1 into (2.33) and adding

the straight line path after the ray has exited the ionosphere. Thus the ground range R

is:

R = 2

(
hmF2 − ymF2

tanα

)
+

cos α

κ
ln

(
1 + f

foF2

sin α

1 − f
foF2

sin α

)
(2.40)

Phase path distance

The phase path distance is defined as the distance travelled by a constant wavefront of

the wave, and it is given by:

P =

∫
n ds =

∫
n2 dg (2.41)

since ds = n dg. In this case it is convenient to evaluate the integral with respect to

the group path parameter g since the expression for the ray path, and hence refractive

index, is also in terms of g. Therefore, the phase path of the wave can be calculated by
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evaluating the integral (2.41) from 0 to g1:

Po =

∫ g1

0

n2 dg

=

(
1 − f 2

oF2

f 2

(
1 − 2CD

y2
mF2

))
g1 +

κ

2

(
C2e2κg1 − D2e−2κg1

)
+

ymF2 sin α

2
. (2.42)

Using this expression one can ascertain the phase path distance of a wave propagating

through the unperturbed ionosphere.

Ionospheric perturbations

The model used for the ionospheric perturbation is one of a sinusoidal spatial variation

of the electron density profile, applied as a perturbation term modulated onto the plasma

frequency of the unperturbed ionosphere. The expression for the modified plasma fre-

quency in terms of the undisturbed plasma frequency in (2.32) (herein defined as fpo)

is:

f 2
p = f 2

po (1 + ε sin(Kx − Φ))

= f 2
po(1 + F(x)), (2.43)

where ε is the amplitude of the modulation as a fraction of the background electron

density, and

K =
2π

L
(2.44)

Φ =
2πv

L
t + Φ0, (2.45)

where L is the scale-length of the sinusoidal perturbation, v is the speed of the irregu-

larity movement, t is time and Φ0 is the initial phase of the modulation. This model is

representative of the medium to large scale disturbances known as Travelling Ionospheric

Disturbance (TID), where the scale-length is in the order of 102 to 103 km, and the speed

in the order of 102 to 103 metres per second.

With the above ionospheric disturbance, it is possible to calculate analytically the

phase path of the wave propagating through the perturbed ionosphere.
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Fermat principle

The Fermat principle was used to calculate the phase path of the wave through the

perturbed ionosphere. One of the most important results in GO approximation, the

Fermat principle states [50]:

When light travels from point A to a point B, it travels along a path for which the

optical path length has a stationary value.

Under the GO approximation, the ray path of the wave obeys the Fermat principle. The

optical path length of a ray is equivalent to the total distance a phase front of the wave has

travelled, i.e. the phase path distance given by the integral (2.41). The Fermat principle

can be represented by the variational principle:

δP = δ

∫ end

start
n ds = 0 (2.46)

In the case of ionospheric propagation, the refractive index of the medium can be

expressed as a sum of the background value and its perturbations:

n = no + δn. (2.47)

In the absence of perturbations, the phase path of the wave in the background ionosphere

is given by:

Po =

∫
u.p.

no ds. (2.48)

The integral is evaluated over the ray path in the background ionosphere, denoted by u.p.

(unperturbed path). When the perturbations are introduced, the actual ray path of the

wave through the perturbed ionosphere is different to the ray path in the absence of the

perturbations. This new ray path is denoted by p.p. (perturbed path).

If one wishes to find the total phase path, the integral must be evaluated over the

perturbed ray path:

Ptotal = Po + δP

=

∫
p.p.

(no + δn) ds

=

∫
p.p.

no ds +

∫
u.p.

δn ds + O(δ2) (2.49)
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That is, the total phase path includes the following contributions: The background re-

fractive index over the perturbed phase path; the perturbed refractive index over the un-

perturbed phase path; and second order effects from the evaluation of integral of higher

order terms. By the Fermat principle, one can deduce that the variation in phase path

due to the perturbation in the ray path of the wave is caused by second order effects:∫
p.p.

no ds =

∫
u.p.

no ds + O(δ2) (2.50)

Second order effects O(δ2) are negligible when the perturbations to the background re-

fractive index, ε, are considered to be small. Therefore, the total phase path is given

by

Ptotal =

∫
u.p.

no ds +

∫
u.p.

δn ds + constant. (2.51)

The implication of (2.51) is that one can evaluate the phase path of a wave through a

perturbed ionosphere along the ray path of the undisturbed ionosphere, without finding

the actual ray path in the disturbed ionosphere. This novel approach has the benefit in

that the perturbations of the phase path can be calculated by using the known ray path

results as given in (2.33) and (2.34).

Phase path in the perturbed ionosphere

As a consequence of Fermat principle, the total phase path of the wave propagating

through the perturbed ionosphere is made up of two contributions: The background

phase path (2.42), and the perturbed phase path evaluated over the unperturbed ray

path

δP =

∫
u.p.

δn ds

=

∫ g1

0

n δn dg

=

∫ g1

0

1

2
δn2 dg. (2.52)

This is a significant result as it provides a straight forward method to calculate the phase

path perturbations by evaluating the integral along a known path. The refractive index

perturbation δn2 is given by

δn2 = −ε

(
f 2

po

f 2

)
sin(Kx − Φ) (2.53)
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where fpo is the unperturbed plasma frequency in (2.32).

The full evaluation of the integral can be found in Appendix A.3, the result of which

is:

δP = −εκ2

2

[
(2CD − 1)

(
cos(Mg1 + Ψ) − cos Ψ

M

)

− C2

(
e2κg1 (2κ sin(Mg1 + Ψ) − M cos(Mg1 + Ψ)) − 2κ sin Ψ + M cos Ψ

4κ2 + M2

)

+ D2

(
e−2κg1 (2κ sin(Mg1 + Ψ) + M cos(Mg1 + Ψ)) − 2κ sin Ψ − M cos Ψ

4κ2 + M2

) ]

(2.54)

where

M = K cos α, (2.55)

Ψ = K

(
hmF2 − ymF2

tan α

)
− Φ. (2.56)

Combining (2.42) and (2.54) gives the total phase path of a wave traversing through

the perturbed ionosphere. This provides an analytic solution of the phase path for an

ionosphere without Earth’s magnetic field. With suitable approximations, this expression

can also be used to calculate the phase difference between the O and X waves at the re-

ceiver, and thus providing a powerful analytical method to calculate the effects of Faraday

rotation.

Frequency offset method

The imposed magnetic field was not included in the refractive index expression since an

analytic solution cannot be established when the magnetic field terms are present. To

incorporate the magnetic field effects into the model, the frequency offset method in [51]

and [10] is used. The frequency offset method uses effective frequencies for the O and X

waves in order to take into account magnetic field effects. It is a first order approximation

in that the shift of wave frequency in the field-free ray yields the same ray path quantities

as the unchanged frequency in the presence of the field. This method is useful for models

that are based on analytic solutions and has been shown to be accurate when compared

to experimental data [52] [11].
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For a wave of frequency f propagating through the ionosphere, the equivalent fre-

quencies for the O and X waves are given by [11]

fo,x = f ± δfe (2.57)

with

δfe =
1

2
cos ϑfH , (2.58)

where fH is the gyro-frequency of the medium, and ϑ is the angle between the direction

of the wave and the direction of the magnetic field. The quantity ϑ can be expressed in

terms of the local magnetic dip angle I and the local azimuth of the ray with respect to

the magnetic meridian ϕ:

cos ϑ = cos I cos ϕ. (2.59)

Using the equivalent frequencies, the ray path and the phase path distance for O and

X waves can be calculated for the perturbed ionosphere.

Faraday rotation effects

All the information is now available to proceed with the calculation of the phase path for

the O and X waves propagating through the perturbed ionosphere. Since the phase path

is the distance travelled by a constant phase front of the wave between the receiver and

the transmitter, the accumulated phase shifts of the O and X waves are given by

ψo =
2π

λo
Ptotal,o (2.60)

ψx =
2π

λx
Ptotal,x (2.61)

where λo/x and Ptotal,o/x are the wavelength and the total phase path for the O and X

wave respectively. If the amplitudes of the O and X waves are equal at the receiver, the

shift in polarisation vector of the received wave due to Faraday rotation is

Δψ =
1

2
(ψo − ψx). (2.62)

The amount of polarisation vector shift will be a function of frequency and time

as the TID moves through the ionosphere, and thus the polarisation mismatch between

the incoming wave and the receiving antenna of constant linear polarisation results in
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polarisation fading. If the receiving antenna is oriented to match the initial polarisation

of the transmitted wave, then the normalised received voltage is

v̄ = | cos(Δψ)|. (2.63)

2.4.3 Discussion

The PFM based on analytic solutions provides an efficient algorithm to study the effects

of Faraday rotation on a HF signal propagating in an ionosphere perturbed by a medium

to large scale TID. To make full use of the model, it is implemented as a module in the

Ionospheric Propagation Simulator to simulate the polarisation fading effects on wideband

signals propagating through a perturbed ionosphere. The simulator and simulation results

will be presented in Chapter 3. The PFM is valid as long as the F2 layer of the ionosphere

can be characterised by a parabolic profile. It has the same limitations as ray tracing in

that it cannot model the effects of small-scale irregularities in the order of the Fresnel

scale
√

Rλ (R is the ray path and λ is the wavelength of the radio-wave) where scattering

is dominant [50]. Since the PFM is based on the perturbation approach, the results are

no longer valid when the ionospheric perturbations are of a significant magnitude. For

example, when the amplitude of the refractive index fluctuations is in the same order as

the refractive index of the background ionosphere. However, the majority of the situation

encountered in the mid-latitude ionosphere, where TID is the dominant irregularity, will

not violate the limitations of the PFM.

2.5 Model of Amplitude Fading

Amplitude fading can be classified as the fluctuation of the received signal due to the

actual change of the amplitude of the incoming wave, regardless of polarisation. The

movement of ionospheric irregularities leads to a focussing and defocussing effect on radio-

waves propagating through the ionosphere. This variety of fading will occur on individual

propagation modes.

The amplitude fading effects can be modelled by solving the amplitude component

of the wave equation that is affected by the ionospheric irregularities. This is the basis

of the amplitude fading model (AFM). From the definition in [25], the electric field wave
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function is expressed by:

E(r) = U(r)E0(x, z) (2.64)

where the regular wave function E0 is the solution for the background ionosphere, and

U(r) is known as the Complex Amplitude.

2.5.1 Complex Amplitude

The Complex Amplitude describes the change in amplitude of the wave propagating in the

ionosphere in the presence of ionospheric irregularities [25]. Under the approximation that

the geometric optics path taken by the wave is almost horizontal within the ionosphere,

the differential equation for Complex Amplitude, U(x, z), is

−2jβ
∂U

∂x
+

∂2U

∂z2
+ β2ζ(x, z) U = 0 (2.65)

where β = β0no(z) is wave number of the background medium, β0 = 2π
λ0

, ζ(x, z) =

(1− 1
n2

o(z)
)F(x) (with F(x) as defined in (2.43)) is the irregularity function relative to the

background refractive index, and x and z are the horizontal and vertical co-ordinates as

defined in the PFM.

To simplify the differential equation, the horizontal co-ordinate x is replaced with the

group path parameter g and can be derived from:

dx = no(z) dg. (2.66)

Substituting for ∂x in (2.65), the differential equation becomes

−2jβ0
∂U

∂g
+

∂2U

∂z2
+ β2

0(n
2
o − 1)F(g) U = 0. (2.67)

The Complex Amplitude in the presence of the background ionosphere alone, i.e.

without any perturbations, is U = 1. If we express the Complex Amplitude as a sum of

the background value and a small perturbation, U = U0 +U1, where U0 = 1, one can then

substitute for U in (2.67) and obtain the following:

−2j
∂U0

∂g
+

∂2U0

∂z2
= 0, (2.68)

since U0 = 1, and
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2.5 Model of Amplitude Fading

−2jβ0
∂U1

∂g
+

∂2U1

∂z2
+ β2

0(n
2
o − 1)F(g) U0 = 0. (2.69)

Rearranging gives

∂2U1

∂z2
+ β2

0 ξ(g, z) = 2jβ0
∂U1

∂g
(2.70)

where ξ(g, z) = (n2
o − 1)F(g) is the perturbation term that is the source of the complex

amplitude perturbation U1. This differential equation is in the same form as the heat

conduction equation for an infinite one-dimensional body, which has the following Green’s

function solution [53]:

U1(g, z) =

∫
∞

−∞

G(g, z|0, z′)F (z′) dz′

+
a

k

∫ g

0

∫
∞

−∞

G(g, z|g′, z′)ξ(g′, z′) dz′ dg′ (2.71)

where

a =
1

2jβ0

, (2.72)

k =
1

β2
0

. (2.73)

The fundamental Green’s function is

G(g, z|g′, z′) =
1√

4πa(g − g′)
exp

(
− (z − z′)2

4a(g − g′)

)
(2.74)

and F (z) is the initial condition when g = 0. The initial value of the small perturbation

is U1 = 0, therefore the first integral in (2.71) disappears. That is, the only contribution

that remains is the second integral in (2.71), so

U1(g, z) =
a

k

∫ g

0

∫
∞

−∞

G(g, z|g′, z′)ξ(g′, z′) dz′ dg′. (2.75)

For an ionosphere with a parabolic profile and irregularity described by a sinusoidal

modulation on the refractive index, the form of irregularity is as defined in (2.43). There-

fore the perturbations term ξ becomes (where z′ is the coordinate based on the ray)
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ξ(g′, z′) = −ε sin(Mg′ + Ψ)
f 2

oF2

f 2

(
1 − (z′ + zpath − hmF2)

2

y2
mF2

)
(2.76)

where M and Ψ are as defined in (2.55) and (2.56) respectively. Note that zpath is the

height of the ray at a given g′ and this quantity incorporates the fact that the path is

not really a straight line, but samples different levels of the ionosphere along the trajec-

tory. With the perturbations term substituted back into the integral, and knowing the

fundamental Green’s function given in (2.74), U1 becomes

U1(g, z) = −a

k
ε

f 2
oF2

f 2∫ g1

0

sin(Mg′ + Ψ)√
4πa(g − g′)

∫
∞

−∞

(
1 − (z′ + zpath − hmF2)

2

y2
mF2

)
exp

(
− (z − z′)2

4a(g − g′)

)
dz′ dg′.

= −a

k
ε

f 2
oF2

f 2

∫ g1

0

sin(Mg′ + Ψ)√
4πa(g − g′)

[ ∫
∞

−∞

exp

(
− (z − z′)2

4a(g − g′)

)
dz′

−
∫

∞

−∞

(
(z′ + zpath − hmF2)

2

y2
mF2

)
exp

(
− (z − z′)2

4a(g − g′)

)
dz′

]
dg′,

(2.77)

where the ray enters the ionosphere at g = 0 and exits when g = g1 (note that up to point

of entry U = 1). The first integral with respect to dz′ is a standard integral which equals

to √
π

â
where â =

1

4a(g − g′)
. (2.78)

The second integral with respect to dz′ in (2.77) can be evaluated by a change of variable

and further expansion (full details can be found in Appendix A.4) to yield

1

y2
mF2

√
π

â

(
(z + zpath − hmF2)

2 +
1

2â

)
. (2.79)

Substituting the two results above into (2.77) gives:

U1(g, z) = −a

k
ε

f 2
oF2

f 2∫ g1

0

sin(Mg′ + Ψ)√
4πa(g − g′)

[√
4πa(g − g′)

(
1 − (z + zpath − hmF2)

2

y2
mF2

− 2a(g − g′)

y2
mF2

)]
dg′.

= −a

k
ε

f 2
oF2

f 2

[ ∫ g1

0

sin(Mg′ + Ψ)

(
1 − (z + zpath − hmF2)

2

y2
mF2

)
dg′

− 2a

y2
mF2

∫ g1

0

sin(Mg′ + Ψ)(g − g′) dg′

]
. (2.80)
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2.5 Model of Amplitude Fading

The second integral with respect with dg′ in (2.80) can be evaluated using the standard

integral:

∫
x sin(mx)dx =

sin(mx)

m2
− x cos(mx)

m
. (2.81)

Along the ray path, for an ionosphere that is represented by the parabolic profile,

z = 0 and the value of zpath is a function of the group path variable g as given by (2.34).

The value of g1 as the ray exits the ionosphere is given by (2.39). Substituting for zpath

the integral becomes:

U1(g) = +
εκ2

2M

[
g (cos(Mg1 + Ψ) − cos Ψ) +

sin(Mg1 + Ψ) − sin Ψ

M
− g1 cos(Mg1 + Ψ)

]

−a

k
ε
f 2

oF2

2f 2

∫ g1

0

(
1 −

(
Ce+κg′ + De−κg′

ymF2

)2
)

sin(Mg′ + Ψ) dg′

= +
εκ2

2M

[
g (cos(Mg1 + Ψ) − cos Ψ) +

sin(Mg1 + Ψ) − sin Ψ

M
− g1 cos(Mg1 + Ψ)

]

+
jεβ0f

2
oF2

2f 2

[ ∫ g1

0

(
1 − 2CD

y2
mF2

)
sin(Mg′ + Ψ) dg′

−
∫ g1

0

(
C2e+2κg′

y2
mF2

)
sin(Mg′ + Ψ) dg′

−
∫ g1

0

(
D2e−2κg′

y2
mF2

)
sin(Mg′ + Ψ) dg′

]
. (2.82)

Note that ray enters the ionosphere when g = 0 and κ is as defined in (2.35). The

remaining integrals can be evaluated to obtain an analytic solution of U1 along the ray

path:

U1(g) = +
εκ2

2M

[
g (cos(Mg1 + Ψ) − cos Ψ) +

sin(Mg1 + Ψ) − sin Ψ

M
− g1 cos(Mg1 + Ψ)

]

+
jβ0εκ

2

2

[ (
2CD − y2

mF2

)(
cos(Mg1 + Ψ) − cos Ψ

M

)

−C2

(
e+2κg1(2κ sin(Mg1 + Ψ) − M cos(Mg1 + Ψ)) − 2κ sin Ψ + M cos Ψ

4κ2 + M2

)

+D2

(
e−2κg1(2κ sin(Mg1 + Ψ) + M cos(Mg1 + Ψ)) − 2κ sin Ψ − M cos Ψ

4κ2 + M2

) ]
(2.83)
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Chapter 2 The Theory of High-Frequency Signal Fading

This gives the perturbations of the complex amplitude along the ray path. It will only,

however, be effective when the amplitude variations are small. The above considerations

are valid for a straight line path. As ionospheric propagation is along a curved path (albeit

slightly curved), we shall consider the effects of curvature in the next section. It should,

however, be noted that the path only spends a short time in the ionosphere (i.e. only a

short time in the irregularity) and so (2.83) could be applied over this short segment.

However, since one is mostly interested in the Complex Amplitude at the receiver

located at the end of the propagation path, i.e. for g >> g1, the first term in (2.83) is

the dominant term and U1 becomes

U1(g) = +
εκ2

2M
g (cos(Mg1 + Ψ) − cos Ψ) (2.84)

which gives the perturbations of the Complex Amplitude at the receiver end of the prop-

agation path. This is significant in that a simple analytical expression encompasses the

amplitude fading effects caused by the ionospheric irregularities in the form of a sinusoidal

modulation.

Figure 2.11 shows the fluctuations of U = 1 + U1 due to the passage of a TID for a

1187 km North-South path under typical ionospheric conditions. The results for U are

comparable to those that were calculated using detailed numerical methods in [25].

2.5.2 Taylor Series Expansion on Complex Amplitude

The differential equation for Complex Amplitude that takes into account the curvature

of an actual ray path in the ionosphere is [25]

−2jβ0
∂U

∂g
+

∂2U

∂τ 2
+ β2

0(n
2
o − 1)F(g)U = 0 (2.85)

where g and τ are the longitudinal and transverse coordinates respectively as defined in

the local coordinate system along the central path of the wave. This equation is almost

identical to the above simplified approximation and the above solution along the ray still

works. Note that we regard the medium to be uniform (or at least slowly varying) out of

the plane of the ray.
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Figure 2.11. Complex Amplitude U as the TID moves through the ionosphere in time over a 1187 km

north-south path. The following ionospheric parameters were used for the F2-layer:

foF2 = 9 MHz, hmF2 = 300 km, and ymF2 = 100 km; and the parameters chosen

for the TID were: time period T of 30 minutes, spatial scale length L of 600 km, and

electron density variation ΔN of 5%.

In order to solve the differential equation in more detail than previously, the back-

ground refractive index, no, and the perturbation term F(g), will need to be expressed in

terms of the local coordinates to the central path, g and τ .

Local coordinate system

In the previous section g has been used as a parameter along the central ray path, and

both coordinates x and z can be expressed as a function of g along this ray path. Now,

in addition to the above, g is also defined as the longitudinal coordinate in the central

ray path’s local coordinate system. The transverse coordinate, τ , is dependent on the

position along the path, and τ = 0 on the central ray path. This is shown in Figure 2.12.

The relationships between τ and the two coordinates x and z are
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Figure 2.12. The ray central coordinate system showing the longitudinal coordinate g and the trans-

verse coordinate τ . φ0 is the initial incident angle as the ray enters the ionosphere,

and φ is the instantaneous incident angle along the path of the ray.

sin φ =
Δz

Δτ
(2.86)

cos φ = −Δx

Δτ
(2.87)

where φ is the angle between the tangential at any point along the path and the z-axis.

Expansion of the refractive index

The relative permittivity of a medium is equal to the square of the refractive index. For

an ionosphere with a parabolic layer electron density profile, the relative permittivity is

given by

ε(z) = n2
o(z) = 1 − f 2

oF2

f 2

(
1 −

(
z − hmF2

ymF2

)2
)

. (2.88)
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2.5 Model of Amplitude Fading

The first and second derivative of ε with respect to z are

ε′(z) = 2
f 2

oF2

f 2

(
z − hmF2

ymF2

)
1

ymF2
= 2κ2(z − hmF2) (2.89)

ε′′(z) = 2κ2 (2.90)

where κ = foF2

fymF2

as defined previously. By Snell’s law

no sin φ = sin φ0.

Therefore,

Δz = sin θΔτ

=
sin φ0

no(z0)
Δτ.

Since z0 is related to g0 by (2.34), ε(z0 + Δz) can be expressed as ε(g0, τ) along and

around the neighbourhood of the central ray path:

ε(g0, τ) = n2
o(g0, τ)


 ε(g0) + ε′(g0)
sin φ0

no(g0)
τ +

ε′′(g0)

2

(
sin φ0

no(g0)

)2

τ 2


 κ2 sin2φ0

n2
o(g0)

τ 2 + 2κ2(Ceκg0 + De−κg0)
sin φ0

no(g0)
τ + n2

o(g0) (2.91)

through the use of Taylor series expansion.

Expansion of the perturbation term

The perturbation term as shown in (2.65) is modelled as a sinusoidal modulation on the

electric permittivity of the ionospheric medium:

F(x) = ε sin(Kx + Φ) (2.92)

where K and Φ are defined in (2.44) and (2.45) respectively. The first and second deriva-

tive with respect to x are given by

F ′(x) = εK cos(Kx + Φ)

F ′′(x) = −εK2 sin(Kx + Φ).
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Therefore, taking the Taylor series expansion at x = x0, the perturbation at x =

x0 + Δx is approximated by keeping the first three terms of the expansion:

F(x0 + Δx) 
 F(x0) + F ′(x0)Δx +
F ′′(x0)(Δx)2

2


 ε sin(Kx0 + Φ) + εK cos(Kx0 + Φ)Δx − εK2 sin(Kx0 + Φ)
(Δx)2

2


 ε

(
sin(Kx0 + Φ) + K cos(Kx0 + Φ)(− cos φΔτ)

−K2 sin(Kx0 + Φ)
(cos φΔτ)2

2

)
(2.93)

where Δx = − cos φΔτ has been used. Rewriting

cos φ =

√
1 − sin2φ =

√
1 − sin2φ0

n2
o(x0)

(2.94)

and replacing x0 by g0 using (2.33), the expression for the perturbation function in terms

of g and τ is given by

F(g0, τ) = ε

(
− K2 sin(Mg0 + Ψ)

(
1 − sin2φ0

n2
o(g0)

)
(Δτ)2

2

−K cos(Mg0 + Ψ)

√
1 − sin2φ0

n2
o(g0)

Δτ

+ sin(Mg0 + Ψ)

)
(2.95)

where M and Ψ are as defined in (2.55) and (2.56) respectively.
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Expansion of the coefficient

Correct to the second order in τ , the perturbation coefficient in (2.85) is given by

ξ(g0, τ) = (n2
o(g0, τ) − 1) ×F(g0, τ)


 κ2 sin2φ0

n2
o(g0)

τ 2ε sin(Mg0 + Ψ)

+2κ2(Ceκg + De−κg)
sin φ0

no(g0)
τε sin(Mg0 + Ψ)

−2κ2(Ceκg + De−κg)
sin φ0

no(g0)
τ 2εK cos(Mg0 + Ψ) cosφ

+(n2
o(g0) − 1)ε sin(Mg0 + Ψ)

−(n2
o(g0) − 1)εK cos(Mg0 + Ψ) cosφ τ

−(n2
o(g0) − 1)ε

K2

2
sin(Mg0 + Ψ) cos2φ τ2 (2.96)

Collecting the terms in τ :

A(g)τ 2 = ε

[
κ2 sin2φ0

n2
o(g0)

sin(Mg0 + Ψ) − 2κ2(Ceκg + De−κg)
sin φ0

no(g0)
K cos(Mg0 + Ψ) cosφ

−(n2
o(g0) − 1)

K2

2
sin(Mg0 + Ψ) cos2φ

]
τ 2

B(g)τ = ε

[
2κ2(Ceκg + De−κg)

sin φ0

no(g0)
sin(Mg0 + Ψ)

−(n2
o(g0) − 1)K cos(Mg0 + Ψ) cosφ

]
τ

C(g) = ε(n2
o(g0) − 1) sin(Mg0 + Ψ).

Therefore

ξ(g, τ) = A(g)τ 2 + B(g)τ + C(g). (2.97)

The Complex Amplitude U is now solved by using perturbation methods as before.

That is, let U = U0 + U1 where U0 = 1, the differential equation becomes

∂2U1

∂τ 2
+ β2

0ξ(g, τ) = 2jβ0
∂U1

∂g
. (2.98)

U1 has the Green’s function solution
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U1(g, τ) =
a

k

∫ g

0

∫ +∞

−∞

G(g, τ |g′, τ ′)ξ(g′, τ ′) dτ ′ dg′ (2.99)

where a and k are as defined in (2.72) and (2.73) respectively, and

G(g, τ |g′τ ′) =
1√

4πa(g − g′)
exp

(
− (τ − τ ′)2

4a(g − g′)

)
. (2.100)

Some of the above integrals can be evaluated analytically (refer to Appendix A.4 for

full details) to yield

U1(g, τ) =
a

k

∫ g

0

1√
4π(g − g′)

√
4π(g − g′)

(A[τ 2 + 2a(g − g′)] + Bτ + C)
dg′

=
a

k

∫ g

0

A(g′)[τ 2 + 2ag − 2ag′] + B(g′)τ + C(g′) dg′

=
a

k

[ ∫ g

0

(τ 2 + 2ag)A(g′) dg′ − 2a

∫ g

0

g′A(g′) dg′

+τ

∫ g

0

B(g′) dg′ +

∫ g

0

C(g′) dg′

]
(2.101)

The remaining integrals, however, need to be evaluated numerically. The above

solution includes diffraction effects, but is only valid when ionospheric perturbations are

very weak. Since the above still requires some numerical integration, the considerations

of Section 2.5.1 provide a better approximation for large scale perturbations.

2.5.3 The Diffraction Phase-Screen Model

An alternative approach is to lump the perturbations into a screen at the apex of the

propagation path as shown in Figure 2.13. Nickisch [27] has considered this approach

when calculating scintillation effects in the ionosphere and there is no reason why this

approach could not be adapted to the current situation. It should be noted, however,

that the approach of Section 2.5.1 essentially already does this.
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Figure 2.13. The diffraction phase-screen model where the perturbations are accumulated as a phase

screen located at the apex of the propagation path for a background ionosphere.

2.5.4 Discussion

The AFM provides a set of powerful analytical expressions that directly relates the am-

plitude focussing effects to the ionospheric irregularities. It is a novel approach that

combines the Complex Amplitude concept with perturbation methods and the Green’s

function solution. The AFM has been further refined to take into account of the curva-

ture of the propagation path inside the ionosphere at the computational cost of numerical

integration. Its limitations are common with the PFM in that it is only valid for the case

of large-scale ionospheric perturbations of small magnitude. However, the AFM can be

extended to handle the case of smaller-scale irregularities with the diffraction phase-screen

approach.

2.6 Effects of Multi-path Fading

The ionosphere is a complex propagation medium and in most cases there is more than one

propagation path between the transmitter and the receiver. All propagation modes suffer

from the effects of amplitude and polarisation fading in various degrees. The combination
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Figure 2.14. The possible propagation modes that can combine at the receiver and contribute to

cause multi-path fading. Shown are the one-hop, two-hop and the high-angle ray

paths.

of all the different modes at the receiver will cause interference fading. Examples of the

possible propagation paths are shown in Figure 2.14.

2.6.1 Antenna terminal voltage

In the propagation model, the Complex Amplitude and the phase of the O and X wave

are evaluated separately, and the sum of the O and X wave voltage amplitudes gives the

voltage at the receive antenna terminal. The field of the wave can be represented by

Vo,x = Ao,x exp(−jψo,x) (2.102)

where Ao,x and ψo,x are the Complex Amplitude and phase for the O and X wave respec-

tively. The phase of the wave is referenced with respect to the horizontal axis, and the

sense of rotation is as shown in Figure 2.15. The voltage at the terminal of the horizontal

antenna is

VH = Vo + Vx = Ao exp(−jψo) + Ax exp(−jψx). (2.103)
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O wave
Positive phase anti-clockwise

X wave
Positive phase clockwise

Figure 2.15. Phase definition for the O and X wave with the direction of propagation going into

the page.

The amplitude of this voltage can be calculated by multiplying V with its complex con-

jugate V ∗:

|V1|2 = VHV ∗

H

= (Ao exp(−jψo) + Ax exp(−jψx))(Ao exp(+jψo) + Ax exp(+jψx))

= A2
o + A2

x + AoAx(exp(j(ψo − ψx)) + exp(−j(ψo − ψx)))

= A2
o + A2

x + 2AoAx(cos(ψo − ψx)). (2.104)

This is the general result for the voltage at the antenna terminal. For a second antenna

that is orthogonal to the first antenna, the voltage at the vertical antenna terminal will

be

VV = Ao exp
(
−j

(π

2
+ ψo

))
+ Ax exp

(
−j

(
−π

2
+ ψx

))
. (2.105)

Therefore the amplitude of the terminal voltage at the second antenna is

|V2|2 = VV V ∗

V

=
[
Ao exp

(
−j

(π

2
+ ψo

))
+ Ax exp

(
−j

(
−π

2
+ ψx

))]
×[

Ao exp
(
+j

(π

2
+ ψo

))
+ Ax exp

(
+j

(
−π

2
+ ψx

))]
= A2

o + A2
x + AoAx(exp(+j(π + ψo − ψx)) + exp(−j(π + φo − ψx)))

= A2
o + A2

x − AoAx(exp(j(ψo − ψx)) + exp(−j(ψo − ψx)))

= A2
o + A2

x − 2AoAx(cos(ψo − ψx)). (2.106)

Page 50



Chapter 2 The Theory of High-Frequency Signal Fading

It is clear that moving irregularities will cause fluctuations in antenna voltage through

the modulation of ψo and ψx.

2.6.2 Multi-path interference

When there is more than one ray path between the transmitter and the receiver, the

voltage at the antenna terminal is the sum of voltages due to each ray:

|Vtotal| = |V1 + V2 + · · ·+ Vn| (2.107)

where n is the total number of rays.

Therefore, the voltage at the terminal of the horizontal antenna is given by

|VH | =

∣∣∣∣∣
n∑

i=1

(Aoi exp(−jψoi) + Axi exp(−jψxi))

∣∣∣∣∣ (2.108)

and the voltage at the terminal of the vertical antenna is given by

|VV | =

∣∣∣∣∣
n∑

i=1

(
Aoi exp

(
−j

(π

2
+ ψoi

))
+ Axi exp

(
−j

(
−π

2
+ ψxi

)))∣∣∣∣∣ . (2.109)
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Chapter 3

Ionospheric Propagation Simulator

The polarisation fading and amplitude fading models provide a set of analytic expressions

for signal fading due to the O and X characteristic modes. Combined with the expression

for interference fading due to multi-path effects, the theoretical model describes the fading

of HF radio-waves propagating in the ionosphere. However, effective utilisation of the

models requires the development and implementation of a structured framework under

which the two models are combined to form an Ionospheric Propagation Simulator (IPS).

The analytic model based simulator has the advantage of computational speed when

compared to numerical based simulators [54]. The applications of the IPS include the

generation of signal fading characteristics for a HF radio-wave propagating through the

ionosphere, and wideband simulation of signal fading.

The IPS framework includes an ionospheric model, magnetic field model and ray

tracing engine to generate the parameters required for the PFM and the AFM. Signal

fading between any two points can be calculated, the results of which are displayed in

the visualisation module and further analysis is done in the fading analysis module. This

allows the simulation of fading along different propagation paths under various ionospheric

conditions, and permits compilation of the results, which can then be used to verify the

theoretical models by comparisons with experimental data.

In this chapter, the development and implementation of the IPS, along with the

associated parameter models, will be outlined and discussed. Simulation results based

on realistic parameters and ionospheric perturbations are presented and interpretations
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provided. Comparisons with existing results available in the literature serve as a guide to

the accuracy and advantages of the IPS.

3.1 Features

The IPS is developed based on the polarisation fading and amplitude fading models.

The models provide a set of analytical expressions upon which an efficient algorithm

is generated for the perturbation calculations that determine the fading of the received

signal. A number of important features are provided by the IPS for investigating the

signal fading phenomena of HF radio-waves propagating through the ionosphere:

• Ability to simulate signal fading for any transmitter and receiver locations. Trans-

mitter and receiver locations are entered into the IPS, and the homing-in algorithm

of the ray tracing engine is able to determine the ray paths between the two points,

and subsequent calculations can be made.

• Accurate background ray tracing using a realistic ionospheric model. Numerical ray

tracing provides accurate path quantities for the background ionosphere without

perturbations.

• Fast perturbation calculations by efficient algorithms based on analytic expressions

of the PFM and AFM. The analytic expressions are used in the simulator to cal-

culate the fluctuations of the signal amplitude as the wave propagates through the

perturbed ionosphere. This provides a reduction in computational time while main-

taining the inherent accuracy of the background numerical ray tracing.

• Capability to analyse multiple-reflections paths. Fading calculations will be applied

to all possible propagation paths, including single-hop and multi-hop paths, as well

as low and high-angle rays.

• Simulations of signal fading across time and frequency. This is a particularly useful

feature for the simulation of wideband communication systems.

The features provided by the IPS will not only be useful for the investigation of signal

fading, but can also be used for applications such as real-time channel evaluation as well

as a tool to evaluate mitigation techniques and diversity schemes.
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3.2 Implementation

The emphasis of the IPS is to provide a fast simulator that is capable of producing a

good representation of the signal fading effects of HF radio-waves propagating through an

ionosphere disturbed by a large-scale irregularity. The IPS incorporates a numerical ray

tracing code which provides the signal characteristics for a regular background ionosphere,

and then calculates the signal perturbations due to the ionospheric irregularity using the

analytical expressions derived in the PFM and AFM to form the final fading signal results.

This hybrid approach is more computationally efficient in comparison to a full ray tracing

simulator.

A modular approach was pursued for the implementation due to the flexibility in

development. The IPS consists of three main modules: parameter entry and generation,

the computational engine, and data display. The framework of the IPS is shown in

Figure 3.1. All simulation parameters, such as transmitter and receiver locations, can be

entered via the graphical user interface (GUI). Ionospheric parameters and magnetic fields

are obtained from computer models, but time, parameters such as sunspot number and

Kp Index need to be entered via the GUI. Finally the data display module is responsible

for displaying the results in a variety of formats.

3.2.1 Ionospheric and Magnetic Field Models

To ensure accuracy in the numerical ray tracing and the fading calculations, realistic

ionospheric parameters are required. The ionospheric model employed in the IPS is the

International Reference Ionosphere (IRI) 2000. The IRI is an empirical model based on

existing data records that is recognised as the standard reference for ionospheric parame-

ters by URSI [55]. The parameters provided by the IRI, such as F2-layer critical frequency

foF2 and peak density height hmF2, are used in the numerical ray tracing as well as the

perturbation calculations for the specified propagation path between the transmitter and

the receiver.

A model for the magnetic field is required to generate the parameters necessary for

the calculation of effective frequency offset in (2.57). The magnetic field model employed

in the IPS is the World Magnetic Model (WMM) 2005 [56]. Given the input parameters

of longitude, latitude, altitude and date, the WMM program will provide the required
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3.2 Implementation

Figure 3.1. The block diagram of the Ionospheric Propagation Simulator.

quantities such as total field intensity B, magnetic inclination I (dip), and magnetic

declination (horizontal angle between the magnetic field vector and truth north). From

these quantities, the gyro-frequency in (2.2) and the offset factor (2.59) can be obtained

and thus used for the calculation of the effective offset frequencies.

3.2.2 Ray Tracing Engine

The Ray Tracing Engine (RTE) calculates the ray path quantities based on the given

ionospheric parameters and simulation parameters. The code is adopted from an efficient
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numerical ray tracing package to calculate the possible ray paths between the transmitter

and receiver [57] [7]. The background ionosphere is modelled as a single F2 Chapman layer,

from which the phase path distance, group path and signal loss between the nominated

transmitter and receiver are calculated.

The advancements of the RTE are that both transmitter and receiver can be of arbi-

trary heights, and all propagation paths between the two points can be ascertained. The

latter feature is an important enhancement to the adopted ray tracing code by imple-

menting a reliable algorithm for the homing of ray paths.

Ray Homing Algorithm

The flexibility of the IPS to be able to simulate the signal fading between any two fixed

locations is provided by the precise homing of the ray path between them. The method

of multi-dimensional root finding is commonly used for the problem of ray homing [58],

where the Newton-Raphson method is one such solution [59]. This method, however,

requires the derivatives of ray path quantities which are not always available in a general

ray tracing scheme. It also suffers from the difficulty of homing-in of the high-angle, or

Pederson, rays [60].

Alternatively, the homing of the ray paths can be treated as a minimisation problem

of multiple variables. This minimisation method has been shown to be very effective

for homing of ray paths in a variety of ionospheric models and provides very precise

results [61]. From the adopted numerical ray tracing code, the ray homing algorithm

based on minimisation techniques was implemented in the RTE.

The minimisation problem of ray homing can be stated as follows: Minimise the

function D, where D is defined as the distance between the landing position of the ray

path and the specified receiver, by varying the parameters of elevation angle α and initial

azimuth br of the transmitted ray. Therefore, the optimum solution is when D = 0.

In the RTE, this minimisation problem is solved by the Nelder-Mead simplex algo-

rithm. It is a robust method for the minimisation of a function of two or more variables

which only requires function evaluations and does not require the derivatives of the func-

tion [59]. For a O-dimensional problem, a simplex is a geometric figure of O + 1 vertices,

and the initial simplex is generated by the O-dimensional starting vector that is based on
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an approximation of the final solution. The simplex will then move towards the direction

of steepest descent until it reaches the point where the function is minimised, within a

given threshold. Consequently, the accuracy of homing can be specified, depending on

requirements. With a typical wavelength of 10 to 30 m, the homing accuracy of HF radio-

waves must be in the order of metres to ensure the effects of phase path distance error

are kept to a minimum. In the current scheme the homing accuracy is set to 1 m.

The homing of multiple propagation paths is also possible with the current algorithm.

By changing the initial starting vector, the simplex will converge towards the solution that

is closest to it. Therefore, in multiple path situation the initial starting vector should be

chosen judiciously. This can be conveniently exploited to allow for the searching of all

unique propagation paths by choosing several different starting vectors.

Although the homing algorithm can be used to discover the possible propagation

paths between the transmitter and the receiver, it encounters difficulty in the homing

of the high-ray that is far beyond the skip-zone. As the power in the high-angle ray is

concentrated in the vicinity of the skip distance, very little power is distributed into the

area far beyond the skip-zone, as illustrated in Figure 3.2. This presents a problem for

the homing of the high-ray since the simplex is working within a very narrow ray-tube

in the minimisation algorithm, and the problem worsens as the final receiver location

moves further away from the skip distance. In the majority of situations, the lack of a

ray homing solution for the high-ray indicates a path with negligible power. Nevertheless,

a possible solution is to use a finite-element method along the ray path and a suitable

minimisation algorithm to find the path of minimum phase between the two fixed points

of the transmitter and receiver.

3.2.3 Fading Data Generation and Display

With the RTE generating the propagation path information such as phase path distance

and path spread loss for the case of a background regular ionosphere, the fading signal

in a perturbed ionosphere is then computed by using the analytical expressions derived

from the PFM and AFM. Firstly, the perturbed phase path distance is calculated using

(2.54) for the separate O and X modes of each individual path, and thus providing the

Faraday rotation effects. The amplitude perturbation effects for the separate O and X

modes of each individual path are calculated using (2.84). Then the final multi-path
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Figure 3.2. Homing of the high ray at 10 MHz. Much of the high-ray energy is concentrated

around the skip-zone, thus the homing of ray paths well outside the skip-zone becomes

problematic.

fading characteristics are calculated using the amplitude and phase of each individual

path based on the expressions given in (2.108) and (2.109).

The signal fading results can be presented in a number of formats: a time-series of the

received signal, a spectrum of the received signal, or as a spectrogram. Further analysis

such as the rate of fading and the fading power spectrum are also available.

3.3 Simulation Results

Results presented in this section are from simulations of signal fading for two propagation

paths as shown in Figure 3.3: (1) a 1167 km path in the north direction, and (2) a
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Figure 3.3. Simulations were done on the two paths: (1) Harts Range to Lake Bennett, and (2)

Laverton to Lake Bennett.

1915 km path in the north-east direction. Three frequency bands of 500 kHz bandwidth

were simulated for each path, with centre frequencies of 7, 10 and 13 MHz.

For the simulations, typical ionospheric parameters were used for the F2-layer: foF2 =

9 MHz, hmF2 = 300 km, and ymF2 = 100 km. The gyro-frequency was calculated from the

magnetic field model based on the location of the propagation path, and the ionospheric

perturbations are modelled as travelling ionospheric disturbances.

3.3.1 Travelling Ionospheric Disturbance

Travelling Ionospheric Disturbances are wave-like ionospheric perturbation structures that

are caused by atmospheric gravity waves [62]. These gravity waves are mostly generated

in the auroral regions of the northern and southern hemisphere and propagate towards the

equator. The generation of TIDs, and the size of its variation amplitude, have a strong

dependence on the occurrence of geomagnetic field disturbances [63].
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The form of irregularity structure employed in the theoretical model of fading defined

in (2.43) resembles that of a TID. Typically the time period of TIDs are in the range of

20 - 120 minutes with spatial scale length of 100 to 1000 km [63]. The magnitude of the

electron density variations in the ionosphere under the influence of TIDs range from 1%

to as high as 15% [64] [65]. Since many TIDs originate from the auroral zone, and travel

towards the equator, the direction of travel is north in the southern hemisphere.

For the current simulations, the parameters chosen for the TID were a time period

of 30 minutes and a spatial scale length of 600 km. This equates to a velocity of around

330 ms−1 in the north direction. Two values of electron density variation ΔN were used

in the simulation: 5% and 10%, to represent the typical and extreme cases of perturbation

respectively.

3.3.2 Harts Range to Lake Bennett

The 1167 km path from Harts Range to Lake Bennett is almost aligned with the magnetic

meridian and the direction of the TID that is travelling towards the equator. According

to the ray tracing engine, more than one mode of propagation, together with the charac-

teristic O and X mode splitting, were present for all three frequency bands of 7, 9 and

13 MHz. The ray tracing results are shown in Figure 3.4 for the modes before splitting.

The offset frequency as given by (2.58), for the calculation of the O and X mode equivalent

frequencies, is 0.389 MHz in this case.

For the 7 MHz band, there is no high ray present since it is below the critical F2

frequency. The one-hop and two-hop low-rays are the most dominant paths. Those two

paths were also present for the 10 MHz band, with the addition of the two-hop high-ray

path. The single-hop high ray does not contain appreciable power since the receiver is

located well outside the skip-zone at 10 MHz. For the 13 MHz case, however, the one-hop

high-ray was able to reach the receiver with significant power, and the multi-hop paths

were not present due to the extended skip-zone for the higher frequency wave.

All the fading simulations shown in this section are for the case of ΔN = 5%. The

fading behaviour is now calculated using the expressions for perturbed phase path and

complex amplitude in (2.54) and (2.83) respectively. The time and frequency fading
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(a)

(b)

(c)

Figure 3.4. Propagation modes for the transmission path between Harts Range and Lake Bennett:

(a) 7 MHz - 1-hop low and 2-hop low. (b) 10 MHz - 1-hop low, 2-hop low and 2-hop

high. (c) 13 MHz - 1-hop low and 1-hop high.
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behaviour of the different propagation modes for all three bands is shown in Figure 3.5.

There are a number of interesting observations:

General observations In the temporal dimension, the received signal suffers from the

short-term fading with sharp nulls in the order of 10-20 dB. This is a characteristic

of the rotating polarisation vector of the received wave. A longer term fading with

smaller variation of less than 10 dB can be observed by comparing the level of the

peaks.

In the spectral dimension, looking at the received signal over the whole bandwidth

of 500 kHz, one can observe the frequency selective behaviour of fading. Again,

sharp nulls are present across the frequency bandwidth. The fading bandwidth is

defined as the frequency difference between two consecutive nulls.

Mode fading behaviour Comparing the fading behaviour between the different modes

of propagation, it is evident that the multi-hop low-ray suffers from much more

rapid fading in both time and frequency. In the temporal behaviour, the two-hop

low-ray has a fading period in order of seconds, comparing to a fading period in the

order of minutes for the single-hop low-ray. This is due to the fact that the two-hop

rays travel a greater distance inside the ionosphere and thus have a higher variation

in the phase path.

For the spectral fading behaviour, the two-hop low-ray exhibits a rapid variation of

phase path across the bandwidth. As the frequency band increases, the two-hop low-

ray no longer has a discernable fading bandwidth and appears as rapid fluctuations

around a median level.

The high-ray modes generally contain much lower power in comparison to the low-

ray modes. However it is interesting that the two-hop high-ray does not display the

rapid variation in time, and across frequency, that is characteristic of polarisation

fading.

Frequency band fading It is a common trend that, as the wave frequency increases, the

rate of fading increases correspondingly and the fading bandwidth decreases. This

is most evident with the 1-hop low-ray mode, where the period of fading reduces by

almost an order of magnitude between the 7 MHz and 13 MHz band, and the fading

bandwidth reduces from around 300 kHz to around 70 kHz. Fading bandwidth
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as defined here is the frequency difference between two adjacent nulls across the

frequency spectrum.

This can be explained by the fact that as frequency increases, the phase path varia-

tions will have a bigger effect due to the decrease in wavelengths. That is, the final

phase variation due to the change in phase path will have a much bigger impact for

waves of higher frequency.

To confirm the signal fading due to the rotation of the received wave polarisation

vector, the simulated power of the 1-hop low-ray received by both horizontal and vertical

antennas for all three bands are shown in Figure 3.6. Note there is an orthogonality

between the vertical and horizontal channels for the sharp nulls, in both time and across

frequency. However, in the time fading responses as shown in Figure 3.6 (a) and (c),

shallow nulls were present because they are located on a signal peak that is moving across

time and frequency. It is evident that the fading bandwidth across frequency is imposed by

the polarisation fading effect, therefore it is referred to as the polarisation bandwidth.

Since the one-hop low-ray is the common mode for the three frequency bands, and

the dominant mode for paths of moderate distance, it is worthwhile to study its fading

behaviour in more detail. The signal spectrograms for the 1-hop low-ray for both horizon-

tal and vertical antennas are shown in Figure 3.7. From the spectrograms, there is a clear

pattern in the way which the peaks and troughs change in time and frequency through

the passage of the TID. The turning point of the signal peaks coincides with the shallow

nulls that were present in the time fading behaviour as discussed before. This knowledge

could be useful in designing algorithms to process the single-hop low-ray signal.

It is also clear from the spectrogram that periods of rapid fading in time also corre-

spond to the periods of rapid movement of the peaks across the bandwidth. That is, at

around t = 500 s, the rate of fading and rate of peak movement across frequency are at

a minimum for all three bands. Conversely, at around t = 800 s both the rate of fading

and frequency peaks movement appear to be at a maximum. This implies that the rate

of change of the phase path with respect to time is a maximum at around t = 800 s.

The signals from the individual modes were summed to obtain the total signal of

the received wave. Multi-path fading occurs when there is more than one propagation

path between the transmitter and receiver. The results of multi-path fading are shown in

Figure 3.8. For the 13 MHz band, since the 1-hop high-ray has significantly less power than

Page 64



Chapter 3 Ionospheric Propagation Simulator

0 500 1000 1500
−160

−140

−120

−100

−80
Power received at horizontal antenna − fc = 7MHz

Time (s)

Po
w

er
 (d

B
)

1−hop low
2−hop low

(a)

6.8 6.9 7 7.1 7.2
−160

−140

−120

−100

−80
Power received at horizontal antenna − time = 0s

Frequency (MHz)

Po
w

er
 (d

B
)

1−hop low
2−hop low

(b)

0 200 400 600
−160

−140

−120

−100

−80
Power received at horizontal antenna − fc = 10MHz

Time (s)

Po
w

er
 (d

B
)

1−hop low
2−hop low
2−hop high

(c)

9.8 9.9 10 10.1 10.2
−160

−140

−120

−100

−80
Power received at horizontal antenna − time = 0s

Frequency (MHz)

Po
w

er
 (d

B
)

1−hop low
2−hop low
2−hop high

(d)

0 500 1000 1500
−160

−140

−120

−100

−80
Power received at horizontal antenna − fc = 13MHz

Time (s)

Po
w

er
 (d

B
)

1−hop low
1−hop high

(e)

12.8 12.9 13 13.1 13.2
−160

−140

−120

−100

−80
Power received at horizontal antenna − time = 0s

Frequency (MHz)

Po
w

er
 (d

B
)

1−hop low
1−hop high

(f)

Figure 3.5. Signal fading behaviour of the separate propagation modes in the Harts Range to Lake

Bennett path. Temporal fading behaviour for the 7, 10 and 13 MHz band is shown

in (a), (c) and (e) respectively. Note that the time scale for (c) has been reduced for

clarity. Spectral fading behaviour for the three bands is shown in (b), (d) and (f).
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Figure 3.6. Polarisation fading behaviour of the 1-hop low-ray propagation mode in the Harts Range

to Lake Bennett path. Both vertical and horizontal antenna received powers are shown.

Temporal polarisation fading behaviour for the 7, 10 and 13 MHz band is shown in (a),

(c) and (e) respectively. Spectral polarisation fading behaviour for the three bands is

shown in (b), (d) and (f).
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(a) (b)

(c) (d)

(e) (f)

Figure 3.7. Spectrograms showing temporal-spectral fading behaviour of the 1-hop low-ray propaga-

tion mode in the Harts Range to Lake Bennett path. Horizontal antenna spectrograms

for the 7, 10 and 13 MHz band are shown in (a), (c) and (e) respectively. Vertical

antenna spectrograms for the three bands are shown in (b), (d) and (f).
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the dominant mode, the effects of multi-path fading are not noticeable. However, for the

other bands where the different modes have comparable power, multi-path fading becomes

dominant. Orthogonality between the signals of two orthogonal receiving antennas is no

longer maintained. Temporal fading periods are reduced to several seconds and the fading

across the bandwidth no longer contains discernable polarisation bandwidth, meaning that

rapid fluctuations in signal power are present in both time and across frequency. This

is particularly troublesome for receivers that cannot separate the different propagation

modes by their difference in time delay, and the signal quality will be significantly affected

by multi-path fading.

3.3.3 Laverton to Lake Bennett

Laverton to Lake Bennett is a 1915 km path that is north-east in direction. Since the path

direction is further away from the longitudinal field direction, from (2.59), the equivalent

offset frequencies are reduced. The ray trace results for the three frequency bands are

shown in Figure 3.9. The offset frequency as given by (2.58), for the calculation of the O

and X mode equivalent frequencies, is 0.367 MHz in this case.

For both the 7 MHz and 10 MHz bands, only the one-hop and two-hop low rays

were present. The receiver is too far outside of the skip-zone for any high-ray to carry

significant power at 10 MHz. At 13 MHz, however, there were 4 propagation modes and

the receiver was located far enough to allow for the two-hop modes to propagate.

Again, all results shown in this section are for the case of ΔN = 5%. The time and

frequency fading behaviour of the different propagation modes for all three bands is shown

in Figure 3.10.

Nearly all the simulations for the Harts Range to Lake Bennett path are consistent

with the results of the Laverton path. They are: (1) Increased fading rate and reduced

polarisation bandwidth as the wave frequency increases, (2) Multi-hop modes show a more

rapid signal variation in time and frequency, and (3) Lower power in the high-ray modes.

However, there is one distinctive difference. Almost all simulations for the Laverton path

show a slower fading rate and higher fading bandwidth when compared to their Harts

Range counterparts.
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Figure 3.8. Signal fading behaviour of the total combined signal in the Harts Range to Lake Bennett

path. Temporal fading behaviour for the 7, 10 and 13 MHz band is shown in (a), (c)

and (e) respectively. Note that the time scales have been reduced for clarity. Spectral

fading behaviour for the three bands is shown in (b), (d) and (f).
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(a)

(b)

(c)

Figure 3.9. Propagation modes for the transmission path between Laverton and Lake Bennett: (a)

7 MHz - 1-hop low and 2-hop low. (b) 10 MHz - 1-hop low and 2-hop low. (c) 13 MHz

- 1-hop low, 1-hop high, 2-hop low and 2-hop high.
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The reduction in the fading effects is directly attributed to the direction of wave

propagation. The longitudinal magnetic field has a major effect on the polarisation of

the separate O and X waves, and from (2.59) the longitudinal field effects are most

pronounced when the propagation is in the same direction as the magnetic field. Therefore

the simulation shows that the effects of polarisation fading, which include the rate of fading

and the imposed polarisation bandwidth, are reduced as the azimuth of the wave moves

from the longitudinal to the orthogonal field direction.

Powers of the 1-hop low-ray received by both horizontal and vertical antenna for all

three bands are shown in Figure 3.11, and the spectrograms are shown in Figure 3.12.

The results confirm the widening of the polarisation bandwidth to around 1 MHz, and

that the signals across the three bands are slowly varying in time.

The results of multi-path fading for the Laverton path are shown in Figure 3.8. This

time it is the 13 MHz band that is suffering the most from multi-path fading, as there

are a number of modes present with comparable power. Again, orthogonality between

the signals of two orthogonal received antennas is no longer maintained. In the 7 MHz

and 10 MHz bands the effects of multi-path fading is not as severe, but there is still a

reduction in the fading period and the fading bandwidth.

3.3.4 Results summary

The simulated results for the Harts Range and Laverton paths are summarised in Table 3.1

and Table 3.2. Also shown are the results from the simulation where the variation of

electron density has increased to ΔN = 10%. The result plots for the Harts Range and

Laverton paths can be found in Appendix B.1 and Appendix B.2 respectively.

As mentioned before, both the fading period and polarisation bandwidth reduces with

an increase in wave frequency. However, there are a number of interesting observations

relating to the increase in variation of electron density:

1. Increased rate of fading - As expected, the rates of signal fading in time for all three

bands have increased by roughly a factor of 2, the same as the increase in electron

density variations. This indicates the period of fading is directly proportional to

the amplitude of the TID.
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Figure 3.10. Signal fading behaviour of the separate propagation modes in the Laverton to Lake

Bennett path. Temporal fading behaviour for the 7, 10 and 13 MHz band is shown

in (a), (c) and (e) respectively. Note that the time scale for (c) has been reduced for

clarity. Spectral fading behaviour for the three bands is shown in (b), (d) and (f).
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Figure 3.11. Polarisation fading behaviour of the 1-hop low-ray propagation mode in the Laverton

to Lake Bennett path. Both vertical and horizontal antenna received powers are shown.

Temporal polarisation fading behaviour for the 7, 10 and 13 MHz band is shown in (a),

(c) and (e) respectively. Spectral polarisation fading behaviour for the three bands is

shown in (b), (d) and (f).
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(a) (b)
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(e) (f)

Figure 3.12. Spectrograms showing temporal-spectral fading behaviour of the 1-hop low-ray propa-

gation mode in the Laverton to Lake Bennett path. Horizontal antenna spectrograms

for the 7, 10 and 13 MHz band are shown in (a), (c) and (e) respectively. Vertical

antenna spectrograms for the three bands are shown in (b), (d) and (f).
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Figure 3.13. Signal fading behaviour of the total combined signal in the Laverton to Lake Bennett

path. Temporal fading behaviour for the 7, 10 and 13 MHz band is shown in (a),

(c) and (e) respectively. Note that the time scale for (c) has been reduced for clarity.

Spectral fading behaviour for the three bands is shown in (b), (d) and (f).
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Fading period (seconds)

Harts Range to Lake Bennett Laverton to Lake Bennett

7 MHz 10 MHz 13 MHz 7 MHz 10 MHz 13 MHz

1-L 400-500 180-600 80-170 750 750 200-700

1-H N/A N/A 5-50 N/A N/A 15
ΔN = 5%

2-L 25-170 20-50 N/A 80-250 20-110 7

2-H N/A >500s N/A N/A N/A 7

1-L 200-400 90-240 25-120 800 310 250

1-H N/A N/A 2-50 N/A N/A 20
ΔN = 10%

2-L 13-70 12-50 N/A 30-120 10-60 5

2-H N/A >500 N/A N/A N/A 5

Table 3.1. Summary of the fading period for all propagation modes. N/A denotes a mode that is

not available along the path.

2. No major decrease in the polarisation fading bandwidth - The effects of increasing

the variation in electron density on the polarisation bandwidth is not as dramatic

as it is on the period of temporal fading. This can be attributed to the fact that

the polarisation bandwidth is not only dependent on the change of phase path

due to the irregularity, but also dependent on the phase path difference between

the frequencies along the background ionosphere. Thus the effect of increasing the

phase path perturbation on the polarisation bandwidth is not as pronounced.

3.4 Discussion

Simulations using the IPS have demonstrated the types of signal fading expected for

HF radio-waves propagating through the ionosphere under the influence of a TID, which

includes the effects of the three major mechanisms of fading: amplitude fading due to

focussing, polarisation fading due to the shift of the polarisation vector, and multi-path

fading.
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Fading bandwidth (kHz)

Harts Range to Lake Bennett Laverton to Lake Bennett

7 MHz 10 MHz 13 MHz 7 MHz 10 MHz 13 MHz

1-L 300 150 70 1000 1000 500

1-H N/A N/A undefined N/A N/A 20
ΔN = 5%

2-L 20 undefined N/A 80 35 10

2-H N/A >500 N/A N/A N/A 25

1-L 270 140 65 1000 1000 500

1-H N/A N/A undefined N/A N/A 20
ΔN = 10%

2-L 20 undefined N/A 70 35 10

2-H N/A >500 N/A N/A N/A 20

Table 3.2. Summary of the fading bandwidth for all propagation modes. N/A denotes a mode that

is not available along the path. Undefined denotes no clear frequency bandwidth.

There is good agreement between the simulation results generated by the IPS and

published results from theoretical and experimental research. The behaviour of decreas-

ing polarisation bandwidth as the frequency increases, and the increase in polarisation

bandwidth as the propagation direction moves away from the longitudinal field, are con-

sistent with [20]. The narrowing of bandwidth as the frequency increases has also been

confirmed experimentally [43]. Also, the presence of polarisation fading and the resulting

polarisation bandwidth in the mid-latitude environment as shown in the simulated results

have been reported in [21].

The major advancement of the IPS is the efficient algorithm based on the theoret-

ical model of fading. It is computationally intensive and time consuming to calculate

the fading effects by using a numerical ray tracing engine alone. The perturbation tech-

niques employed in the theoretical model of fading produces an analytic expression for

the evaluation of the signal fading. It can be integrated into existing numerical ray trac-

ing packages for the calculation of fading effects in time and across frequency, and only

requires the tracing of one ray per frequency per propagation mode. Consequently, the

IPS provides a major speed advantage over traditional full ray tracing approaches in

calculations concerning fading.

For more simulation results the reader is referred to Appendix B.1 and Appendix B.2.
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