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Abstract

The ionosphere, whichis the highestregion of Earth's atmosphere, containswaves created from
both space and Earth disturbances. The ionosphere is considered the largest sensor on Earth and
has been the subject of study since the 1920s, primarily through the use of ionosondes. A Software
Defined Radio (SDR) Earth Imager has been devised to obtain information about these Earth
disturbances. This research is divided into four stages: 1) engineering of the SDR Earth
Atmosphere Imager, 2) imaging of waves that exist within the ionosphere, 3) determining the
location of the earth disturbance that created the waves, and 4) measuring the power of the
ionospheric waves.

The Earth Imager device functions similarly to a camera by utilizing an antenna array to create
images of the ionosphere and its waves. The radio wave, i.e., the carrier wave of the ionosphere
information, is transmitted up through the atmosphere at a near-vertical incidence from the Earth's
surface. Itreflects off the ionosphere back down to the Earth's surface, where it is detected by an
antenna array to produce a phase image of the ionosphere.

The proof of concept of the SDR Earth Imager occurred at the University of Victoria, Victoria,
BC, Canada, and was initially constructed at the Dominion Radio Astrophysical Observatory
(DRAO), Penticton, BC, Canada. From the DRAO data analysis, two types of waves were found:
one with a constant frequency, possibly originating from power losses in transmission lines, and
another with a single sharp spike, potentially caused by earthquakes or lightning.

Further experiments at the University of New Mexico, utilizing Long Wavelength Array
(LWA-1 and LWA-SV) antennae arrays, served as a high-resolution radio wave camera. The
datasets from the LWA-1 and LWA-SV sites provided results showing the wavevector directions
of one set of ionospheric waves, i.e., the strongest sets of waves, which have a spatial frequency
of 0.06 cycle/m. The wavevectors were used to identify the location of the generation of the
ionospheric waves and, thus, the likely source of the disturbance.

This Ph.D. research thesis shows a correlation between the waves in the ionization layer and
Earth's disturbing events, including man-made disturbances such as the electromagnetic radiation
emitted by power lines and electrical grids, which generate waves within the ionosphere. Further,

this research illustrated how the phase image, not the amplitude image, determined from Fourier
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analysis is critical to characterizing these waves. The phase image enables the characterization of
these waves by providing information about their phase shifts, frequencies, and wave vectors.

This research demonstrates a clear relationship between waves within the ionosphere and
disturbing events occurring on Earth. One significant finding of this dissertation is the deduction
that all power generated and consumed by humans is not completely dissipated but rather
transformed and captured by the Earth's ionosphere. This fact may assist climate modelers in

gaining a better understanding of climate change.
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Chapter 1 Introduction

1.1 Introduction

The ionosphere is defined as a layer of particles in the atmosphere that become ionized due to
solar radiation. It plays a critical role in radio communication and navigation systems, and its
behavior is directly linked to space, weather, and climate.

This region holds significant importance as it acts as a sensitive terrestrial entity and serves as

a mantle surrounding the Earth, making it a valuable tool for observing both terrestrial and space
phenomena. It serves as a repository for diverse data types that hold significance for academic
research and practical applications. It encompasses various important pieces of information,
including electron density, total electron content, ionospheric waves, and space weather effects.
Consequently, scientists have been studying the ionosphere since the 1920s using instruments
called ionosondes[1], [2]. These instruments measure the ionosphere starting from an altitude of
approximately 50 km up to over 500 km. The ionosphere region is divided into three layers: D, E,
and F, which exhibit varying ionization densities based on factors such as solar radiation, time of
day, seasons, and solar activity. This includes solar flares and solar winds- streams of charged
particles that are emitted by the sun's corona [3].
Within the ionosphere, a variety of disturbances and waves can emerge. It is crucial to clarify the
exact relationship between a disturbing event and its impact on the ionosphere. The association
between meteorological events on Earth and the ionosphere has been extensively studied.
Researchers have investigated different types of disasters in order to establish a connection
between disturbing events and the resulting ionospheric responses. The literature extensively
reports a potential link between ionospheric disturbances and meteorological phenomena, which
supports the overarching hypothesis of meteorological influence. The surfaces of the ionization
layers are not flat and can be disturbed by various factors, including solar activity, geomagnetic
conditions, and meteorological states. For instance, Rishbeth explored the possibilities of different
waves being generated by dynamic climate patterns and atmospheric storms [2].

Another instance, gravity waves can be generated by weather systems, atmospheric turbulence,
or seismic activity. Moreover, the ionosphere can contain data pertaining to acoustic waves, also

known as infrasound waves, which meteor impacts, volcanic eruptions, or other atmospheric



disturbances can produce. Furthermore, the ionosphere holds important information and data
related to Travelling lonospheric Disturbances (TIDs): TIDs are wave-like perturbations that can
propagate horizontally through the ionosphere. Various factors, such as atmospheric waves,
geomagnetic activity, and solar events, can cause them.

By imaging the ionosphere, researchers can gain insights into how space and Earth disturbances
impact Earth's atmosphere. By utilizing Earth Imager technology, which enables flexible signal
processing and waveform generation through software, designing a system capable of capturing
and imaging ionospheric waves using an antenna array as a camera becomes feasible. An
appropriately designed antenna system, including the optimal distances between antennas, is
essential for effectively capturing ionospheric waves.

This thesis proposes a Software-Defined Radio Earth Imager that aims to capture information
about ionospheric waves by utilizing radio signals transmitted through the atmosphere at near-
vertical incidence from the Earth's surface. These signals are reflected off the ionosphere and
received back on the Earth's surface, where the phase information is utilized to generate a phase
image of the ionosphere using an antenna array camera. The processed data can further be used
for generating images or visual representations of the ionospheric waves. Techniques such as
tomographic reconstruction or mapping the received signals onto a two-dimensional grid can be
employed for this purpose.

Using the Software Defined Radio, thesis focuses on measuring the phase shifts, frequencies,
and wave vectors of the ionospheric waves and establishing their correlation with power, energy,
and location of origination. Notably, the research also explores the correlation between the power
generated and consumed by the largest nearby city, Albuquerque, with a strong, high -amplitude

set of waves.

1.2 Problem Description

Research endeavors aimed at imaging ionospheric disturbances have been ongoing for many
years, but tangible outcomes have yet to be achieved. Currently, numerous prominent research
groups are dedicated to addressing this challenge. Scientists have extensively studied the
interconnections between the responses of the atmosphere, the Earth, and the space-disrupting
occurrences using different methods. One notable research endeavor that stands out was the

approach utilizing ionosondes [4]. Tonosondes are instruments specifically designed to probe the

2



ionosphere and gather informationaboutits characteristics atdifferentaltitudes. While ionosondes
primarily provide measurements of ionospheric parameters, including electron density, electron
temperature, and ion composition. They havealso been used to visualize the ionosphere's structure
and behavior. One commonly used imaging technique with ionosondes is called ionogram
imaging.

Previous studies using ionosondes have demonstrated that ionospheric waves are generated by
various events such as earthquakes, volcanic eruptions, hurricanes, tsunamis, solar flares, and other
space events, including man-made disturbances. These disturbances create measurable waves
within the ionization layers ofthe ionosphere [3]. lonosondes have been able to detectthose waves
generated by these disturbances; however, they can only provide information about a single
reflected point from the ionosphere and lack wave vector information necessary for determining
the location of the disturbing event within the ionosphere.

Another notable research effort involves the use of weather balloons; however, weather
balloons are not suitable for this approach because they can only reach a maximum altitude of
approximately 53 km [5].

Another method would be to use multiple satellites to identify the ionization layers [6]. In
addition, HF Doppler radar and Over the Horizon radar [6, 7] have succesfuly identified Rayleigh
waves generated by earthquakes. The method (Doppler shift) measures earthquake signatures
converted into the corresponding ground displacement by a transfer function. They provide a
broader perspective on the topic of lithosphere-atmosphere-ionosphere-magnetosphere coupling
and the potential generation of pre-earthquake signals. Nevertheless, Doppler imaging of radio
wave formation has limited sensitivity. It can only detect disturbances greater than 7 Richter scale
[7], and is unable to give enough information about the ionization layers and their corresponding
disturbing events on the Earth.

One noteworthy endeavor is taking place at the LWA (Long Wavelength Array) observatory in
New Mexico. LWALI serves as the initial installation among a series of planned antenna arrays
specifically designed for cosmic observation, comprises 256 phase-coherent dipole antennas. The
size and capabilities of the LWA array offer promise in detecting and studying phenomena such as
lightning discharges, atmospheric disturbances, and other geophysical events using long-

wavelength radio waves [8].



The problem addressed in this study is the development and exploration of a straightforward
method for imaging the ionosphere that should have the capability to depict the ionospheric waves
and complements certain existing approaches. An ionospheric imager using SDR technology could
provide the means to capture and observe various types of waves in the ionosphere making it
possible to build an Earth Imager based imager having the capability to image waves existing in
the ionosphere, as illustrated in Figure 1.1. An Software Defined Radio would allow for flexible
and programmable processing of radio wave signals, making it suitable for capturing and
manipulating the data necessary for ionospheric imaging.

An Earth Imager can expect to see various types of waves in the ionosphere. These waves
might include gravity, planetary, and ionospheric disturbances caused by solar and meteorological
phenomena. The specific types of waves that can be observed will depend on the frequency range
and antenna configuration of the imager.

The characteristics of the waves imaged by the Earth Imager requires separating the varying
waves of amplitudes, frequencies, and wavevectors. The amplitudes and frequencies of the waves
provide information about their power and energy, respectively. The wavevectors, which represent
the direction and magnitude of wave propagation, may also be determined from the imaged waves.

By imaging one set of waves at two different locations using parallax imaging, the SDR imager
should be able to determine the location of an ionospheric disturbance. By comparing the
wavevectors of the imaged waves at the two locations, it becomes possible to calculate the
direction of the disturbance, thus determining its location.

The technology utilized in a radio wave camera to generate images includes Software Defined
Radio (SDR) and GPS timing as shown in Figure 1.1. Earth Imager enables the flexible and
programmable processing of radio wave signals, allowing for the capture and manipulation of data
necessary for image generation. GPS timing provides precise synchronization and timestamping
of the received signals, ensuring accurate spatial and temporal information for constructing the
phase images. These technologies work in tandem to enablethe functionality and image generation

capabilities of a radio wave camera.
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Figure 1.1 Software-defined radio with GPS timers making a Radio wave camera that creates an
image.

1.3 Research Objective

The main objective of thisresearch is to measure the phase shifts, frequencies, and wave vectors
of the waves within the ionization layers and relate them to the physical events causing them. One
of the key features of this thesis was to construct a radio wave transmitter and a two-dimensional
array of passive receivers used to image the shape of the waves existing within the ionosphere. By
doing so, the power, energy, direction of the wave motion, and location of creation could be

determined.

Each antenna or receiver of the atmosphere Imager represents one pixel in its image. Due to the
location of the array antenna, the reflected radio waves carrying information from the ionosphere
reach different antenna locations at different times. The difference in the path and the time that a
radio wave carrier takes from a transmitter to a receiver path is important to determine the phase
shift between each emitted and received radio wave. The phase shift creates an image of the
ionospheric waves. Each set of waves in a phase image will have a different frequency and
wavevector and will thus be separated from each other using Fourier analysis, which produces a
Fourierimage. Based on antenna configurations, I intend to measure the relative phase information
about the ionospheric waves. The energy of the ionospheric waves is directly proportional to their
frequency. The power of these waves can be measured by the square of their phase shift. As a
result, both power and energy are linked to height squared and frequency. Although power and

energy are related to separate physical quantities, they are intimately connected through the



ionospheric wave's amplitude, i.e., its phase shift in the phase image and its frequency. Also, the
unique direction of motion of the ionospheric wave will be measured by using two SDR Earth
Imagers located at different places. A set of ionospheric waves with the same frequency has a
different wave vector at the two locations whose crossover determines the location of the
disturbance. Hence, for the analysis and interpretation of the data, the Fourier transform approach
will be used to analyze the phase images. Measuring the properties of the waves existing within
the ionization layers will help us learn more aboutmeteorological events thatcan influence climate
and weather conditions. Various approaches can be employed to measure the properties of waves
on the surface of the ionization layer, including power, energy, direction of movement, and the

location of atmospheric disturbances.

1.4 Research Motivation

The ionosphere can experience disturbances due to various geophysical phenomena. These
disturbances can generate waves that propagate through the ionosphere. For example, geomagnetic
storms, solar flares, and coronal mass ejections can cause ionospheric disturbances, resulting in
waves such as ionospheric plasma waves or traveling ionospheric disturbances (TIDs). An
lonospheric imager can capture these waves and provide insights into the dynamics and behavior
of the ionosphere under such perturbations.

The SDR Earth Atmosphere Imager has been a research collaboration between the Mechanical
(Professor Rodney Herring) and Electrical (Professor Peter Driessen) Engineering Departments at
the University of Victoria. This research will use relatively new Earth Imager radio wave
technology to monitor and characterizethe waves within the ionosphere caused by space and Earth
disturbance. Experiments were designed to do this.

This research isnoteworthy becauseit will offer novel insights into the imaging of waves within
the ionosphere and their correlation with Earth-disturbing events that trigger them. The data
obtained fromthis research, which is associated with physical events, has the potential to enhance
monitoring capabilities and potentially contribute to the prediction of Earth-disturbing events. The
SDR Earth Imager and its associated signal processing methodology is unique. The system has
been prototyped by University of Victoria researchers at the Dominion Radio Astrophysical
Observatory (DRAOQ) in Penticton, BC and at the LWA and LWA-SV stations in central New

Mexico, USA. At both locations, high resolution phase images were obtained. These



measurements provide valuable data for studying the waves in the ionosphere. The insights gained
from studying these disturbances may contribute to our understanding of various phenomena,
including man-made disturbances, as well as potentially shedding light on other areas such as

earthquakes, storms, and extreme local and global weather events.

1.5 Research Contributions

The new device, the SDR Earth Imager, focuses on extracting the phase information
representative of the ionosphere and its disturbances, whether from Earth or space. Such a device
Is needed to obtain specific information about human-made disturbances, including power losses
from electricity generation plants as well as natural Earth disturbances such as earthquakes,
volcanic eruptions, hurricanes, tsunamis, tornadoes, etc., both during their occurrence and
potentially during the preparation phase before these events. Hence, the SDR Earth Imager was
researched and developed. If premonitory signs of a disaster can be identified prior to its
occurrence, these indicators have the potential to mitigate the loss of human lives and property
significantly. The application of the SDR Earth Imager is not only to measure and monitor the
solar, geomagnetic, and meteorological Earth disturbingevents but also to use itfor climate change
understanding, enabling plans to mitigate it.

Climate change primarily results from long-term variations in Earth's temperature pattems
caused by factorssuch as greenhouse gas emissions, deforestation, and changes in land use. While
human activities, including power generation, can contribute to greenhouse gas emissions and
climate change, the directinfluence of energy generation, conversion and use on climate change
might be minimal compared to these broader factors. In the future, it may be possible to use the
Earth Imager for detection of earlier earthquakes and volcanos signatures that are not possible
now. Moreover, it may become possible, but not included in this thesis research project, to use the
Earth Imager to measure the atmosphere's refractive indices from the ionosphere to the terrestrial
surface, which would help predict local to global daily weather [4]. This could be accomplished
using a low pass filter to obtain the low frequencies, that is, small phase shifts, associated with the

Earth's Atmosphere’s temperatures, pressures, and compositional gradients.



1.6 Conducting Experiments and Data Analysis: Challenges

and Considerations

The experiments in this work follow four stages;

The first stage was mechanical, where the researchers built a Earth imager at DRAO. The idea
of this activity was planned for over a year and then executed at DRAO. Over the course of
three days, several data-collection sessions were held.

Inthe second stage, the DRAO data was analyzed based on havingused a linear antennae array.
Each passive antenna used as a receiver detecting the phase information separately. All of the
phase measurements were thenused to make a phase image based on the position ofthe antenna
within the array. In this phase image, each receiver is essentially a pixel within the image. The
difference in phase between each pixel measures a phase shift. The phase shifts, which are
periodic like a wave, symbolize the frequencies of a set of ionospheric waves from their
periodicity that was mathematically analyzed using the Fourier transform to produce a Fourier
image. A preliminary data analysis of the dataset was performed in order to test whether the
phased array could image the ionosphere. A novel method was applied to the data involving
the orientation of the linear antennae array with respect to the direction of wave propagation,
which was successful. This method was considered the proof of concept for being able to
actually image the ionospheric waves. This study was limited due to the lack of antennas at
DRAO. Thus, these experiments were relocated to New Mexico to take advantage of the long-
wavelength radio wave arrays offering high-resolution imaging capabilities.

The third stage imaged and measured the wavevector of a strong set of ionospheric waves
using two LWA-1 and LWA-SV radio wave arrays thathad 256 radio wave antennae. This stage
included developing a novel technique for detecting the source of disturbances. The analysis
of their datasets illustrated that many sets of ionospheric waves exist, with roughly 170 sets of
waves found at both stations.

The final stage of this research was to provide a relatively simple method based on a capacitor
model to measure the power of the ionospheric waves. It was determined that the measured
power corresponds to the local power generated from electric power generating stations and
consumed by Albuquerque. It may be concluded that the power consumed has not been lost

but instead captured by Earth's ionization layer. This observation may be crucial in



comprehendingthe man-madedynamics of global climate change. Human activities, including
electricity production, may not be directly responsible for climate change, but they can
significantly contribute to greenhouse gas emissions, which in turn have an impact on climate
change.

Several obstacles were encountered while conducting DRWO (Directional Radio Wave
Observations) and LWA (Long Wavelength Array) experiments. In the DRWO experiments,
one of the challenges faced was the limited area for antenna distribution due to the occasional
presence of cattle herds beyond the fence. This posed a potential risk of trampling and
damaging the coax cables. Another challenge arose from the need for careful movement while
setting up the antennas due to the presence of rattlesnakes, which resulted in increased setup
time. Additionally, the limited resources restricted the spatial resolution of the 2D images
formed by rotating the antennae to only four linear antennae.

In the LWA experiments, it was challenging to distinguish the complete cycle of waves due to
the non-linear nature of the antennas used for LWA and LWA-SV. However, a positive aspect
was that having 256 antennae resulted in a higher number of pixels. In addition, there were
instances where one or two antennas malfunctioned, necessitating their exclusion from the
experiments. Moreover, certain frequencies transmitted during the experiments did not reflect
from the ionosphere sufficiently. The data's complex structure and the carrier wave extraction
posed additional difficulties. Additionally, the tasks of finding the correct time sequences of
the data and developing Python codes to read and process them proved to be time-consuming.
Finally, the results of the data interpretation unveiled waves that presented a challenging task
for my PhD research in establishing their relationship with their source of disturbance.
The datasets collected at DRAO were obtained by collaborating with Dr. Stephen Harrison,
Nickolas Bruce (a fellow student) now employed by DRAO, and by myself, setting up the
antennae array and collecting data. I also applied the idea of imaging the ionospheric waves
and implemented the entire analysis. The New Mexico data was taken via a team of LWA
scientists, although I was the sole analyzer of the data and sole investigator of the source of
disturbances using two locations of the antennae array. My main contribution was using the
antennae array as a camera to produce images ofthe ionospheric waves andrelate them to their
Earth disturbance using the measured phase shifts, frequencies, and wave vectors associated

with a set of ionospheric waves.



1.7 Dissertation Qutline

This dissertation has been assembled through a compilation of previously published
manuscripts as well as unique background material. It is structured into the following six chapters.

Chapter 2 contains a synopsis of atmospheric and ionospheric structure. It covers a series of
investigations by researchers on ionospheric disturbances, how the ionosphere responds to varied
disturbances, and some background information related to ionospheric waves and their
characteristics. Moreover, a brief overview of radio waves and a Software Defined Radio Block
Diagram has been presented.
Three chapters of this dissertation contain the following publications:

Chapter #3: The initial publication regarding the research concept applied at DRAO, which
successfully imaged the ionospheric waves, can be found in the Journal of Atmospheric and Solar-
Terrestrial Physics [9]. Additional information for data collection and analysis has been provided
in this chapter, but is not included in the publication.

Chapter 3 illustrates the method and the experiments carried out at DRAO, Penticton, BC. The
prototype of the SDR imaging device was tested at DRAO to generate images of the ionospheric
waves existing within Earth's F ionization layer. Only four linear array antennae were utilized.
They were rotated to form 2D images. The data analysis resulted in revealing the existence of
moving waves linked to Earth's F ionization layer.

Chapter #4: The Earth Imager was shown to locate the source of the ionospheric disturbance,
Atmospheric Remote Sensing Journal [10].

Chapter 4 presentsatechnique of analysis to determine the source or location of the ionospheric
disturbance usingthe Earth Imager. For thisstudy, the two Long Wavelength Array (LWA), LWA-
1 and LWA-SV, New Mexico, were employed to capture the radio wave signals reflected from
Earth's F ionization layer. They enabled the location of the disturbance to be identified from the
intersection point of the wavevectors measured at the two sites. The study here focused on
detecting the wavevectors, frequencies, and phase changes of the ionization layer wave.

Chapter #5: This manuscript focuses on providing a method to measure the power of a set of
ionospheric waves and then relate it to the Earth disturbance responsible for its creation, Journal
of Imaging [11].

Chapter 5 focuses on measuring the phase shifts, frequencies, and wave vectors of the waves

within the ionization layer and correlating these waves to their Earth disturbing event. This
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includes the power generating stations and their transmission line losses. The observed data
analysis of their power and the estimated power loss from adjacent Albuquerque power sources
agreed with the mathematical model and experimental measurements.

Chapter 6 highlights the essential findings and contributions andsuggests potential future work.
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Chapter 2 Research background and Literature

Review
2.1 Research Background

2.1.1 Electromagnetic Waves, Including Radio Waves

Electromagnetic waves can transfer energy from one place to another through a vacuumas well
as a medium. They travel through electrical and magnetic fields generated by charged particles.
Instances of electromagnetic waves include radio waves, visible light waves, microwaves, infrared
waves, visible light, ultraviolet rays, and X-rays. Electromagnetic waves of low energy and

frequency are long wavelengths, such as radio, as shown in Figure 2.1 [12].

<t Increase energy et Incraase energy et
Gammarays Werays :CJ:} Radio waves
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Increase wavelength
m— gt —- Increase wavelength —--

Figure 2.1 Electromagnetic spectrum [13].

Since radio waves are electromagnetic, traveling at the speed of light with no mass or charge,
they easily pass through the Earth'sionosphere. The radio wave isa combination of both changing
electric and magnetic fields, as depicted in Figure 2.2, enabling its coupling to electrons in the

ionosphere.
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Figure 2.2 Electric and magnetic waves.

2.1.2 lonospheric Waves

It is widely acknowledged that Earth disturbances generate atmospheric waves that travel
through the atmosphere and reach the upper atmosphere, resulting in the formation of traveling
ionospheric disturbances (TIDs). Seismic events, geomagnetic storms, man-made disturbances,
etc., can generate waves that propagate through the atmosphere and affect the ionosphere. Those
waves have mass and charge, and they are able to travel at different speeds in the ionosphere. The
speed of the ionospheric wave generated by a Nepal earthquake was 2000 m/s [14]. Solar flares
and coronal mass ejections that happen in the space environment surrounding the Earth are also

considered as space disturbances [15].

2.1.3 Properties of Waves and Wave Graph

Many properties describe waves, including amplitude, phase, frequency, wavelength, speed,
and period. For example, Figure 2.3 shows that the vertical axis represents the amplitude of the

wave, whereas the horizontal axis can be either time or distance.
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Figure 2.3 Period, wavelength, and frequency of a wave.

The amplitude is the largest distance that the wave particles move up and down between the
rest position of the wave and the crestor trough, asseen in the graph below [15]. The wave strength
is measured by the amplitude property. For example, the amplitude of the wave in vibration
measurements for rotating equipment is the main factor in describing the severity of the vibration.
In addition, the amplitude of sound waves measures the loudness of the sound which can be
controlled. There is a significant relationship between the amplitude of a wave and the amount of
energy it carries. A wave with a larger amplitude carries more energy compared to a wave with a
smaller amplitude of the same type. However, when considering waves of different kinds (e.g.,
different frequencies or wavelengths), comparing their amplitudes alone does not provide a
meaningful measure of their energy content. A wavelength is a distance between two consecutive
points on the one-cycle wave that represents the wavelength of two peaks or crests, as shown in
Figure 2.3. However, in a longitudinal wave, the wavelength (1) can be determined by the space
between either two compressions or rarefactions. A smaller wavelength carries more energy than
a large wavelength. This relationship is opposite to large amplitude, which carries more energy.

The wave period T is the time interval between observation of two successive crests, or troughs,
at a single location. In contrast, the frequency of a wave is the number of wavelengths that pass
per second in wave cycles. The symbol of frequency is f, measured in Hertz or cycles per second.
The frequencyof awave and its period isshown in the following formula [15]. However, the speed

of a wave can be influenced by the medium and the type of the wave.
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period = ST =% (2. 1)

frequency

wavelength Sy & (2. 2)

Speed = :
period T

2.1.3.1 Phase

The phase of a wave is one of the essential parameters that provide information about a
particular pointin time of a sinusoidal wave. The unit of phase measurement is degrees or radians.
A complete cycle is 360 degrees or 0 to 2z in radian measurements.

The term phase shift refers to the difference in the phase angle of a waveform cycle. Phase shift
occurs when the phase angle of a waveform changes. Shifting the position of the phase angle to
a horizontal axis is shown in Figure 2.4. A vertical shift indicates that the function changes from
zero position on the vertical axis.

The description of the wave oscillation in time is given by:

S(t)=A (1) cos (ot £ D) (2. 3)
A (t) is the amplitude of the wave, o (radian/sec) is the angular frequency of the wave, and ®
(degrees or radians) is the phase angle.

The phase difference @ in time for a sinusoidal wave, which is the delay time, is equal to the
phase shift, which is the phase delay. The phase difference of a sinusoidal wave is shown in
Figure 2.4. Two sinusoidal waves have the same frequency, representing a time difference At. A
phase shift is shown for the shiftin time. The amplitude, period, phase shift, and vertical shift of

waves are shown in Figure 2.5.
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Figure 2.4 The phase difference of a sinusoidal wave on the X-axis.
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The phase shiftis determined by a shiftin time. At multiplies the frequency of the wave and 2t

radian, as seen in Figure 2.6. T =1/f

A® =21.f. At, (2. 4)
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Figure 2.6 The phase shift in time.

The path length of a radio wave (L) thatpropagates from the transmitter to the receiving array
antenna, equals total phase variation. The phase difference A¢ is the delay in the arrival of the
radio wave signal.

Ap =2m (AL/\)=2m f (AL/c) (2. 5)
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where A is the phase variation from transmission to reception, f is the frequency, A is the
wavelength, and c is the speed of light.

The SDR Earth Imager measures the amplitude of the ionospheric waves by measuring the
phase shift created by the difference in path length from the top to the bottom of the ionospheric
wave. This difference in path length creates a difference in phase recorded at each antenna using
the quadrature, the hardware method, as well as a difference in time each antenna receives the
radio wave, the software-defined radio method. Each method, i.e., hardware and software,
produces the same measurement of the phase shift representative of the size of the ionospheric
wave.

Phase wrapping maps the principal value of phase angle to the range of — z and z. This means
that if the phase is greater than pi+delta, the wrapped phase will wrap around to -(pi-delta).
However, the wrapped phase does not display a complete cycle of awave. To betterillustrate wave
cycles the unwrapped phase is used, which ensures that all upcoming wrapped phase values add
up to a phase offset - 2z or 2x. Figure 2.7 shows examples of wrapped and unwrapped phases
[16], [17].

----- Wrapped Phase

-----
"""""

** s

0 0

AN — Unwrapped Phase
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] 1
(F'e) [—

.......
--------

0 50 100
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Figure 2.7 Wrapped phase and unwrapped phase [16].
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2.1.4 Imaging lonospheric Waves Using Radio Waves

Several imaging techniques are utilized to observe the characteristics of ionospheric waves,
including ionogram imaging, ionospheric tomography, incoherent scatter radar, and SDR Earth
Imager as illustarted in this dissertation.

Each technique allows for the creation of visual representations of the ionospheric waves.
The concept of imaging the ionospheric waves using radio waves involves transmitting a radio
wave at nearly vertical incidence from one location, which then travels through the lower
atmosphere to the upper atmosphere and into the ionosphere, where itis reflected back to Earth
and received at a second location by an array of radio wave antennas. Due to the waves within the
lonosphere causing reflection of the radio wave at different points within the ionosphere, each
antenna receiver receives the radio wave at a different time. The phase shift can be derived from
the differences in the time of reception at each antennae. A hardware method of measuring the
phase usingthe quadrature of the transmitter and the quadrature of the receivingantenna was often
employed. Each receiver in the array producing a phase measurement appears as one pixel in the
phase image. The size of the array determines the pixel count of the image and may determine the
resolution of the phase image The greater the number of antennas we have, the greater the potential
to image the waveform of the ionospheric waves necessary to measure their phase shift, frequency,
and wave vector. Another factor that could determine phase image resolution includes the quality
of the radio wave signal, i.e., its peak to background or noise level.

Figure 2.8 illustratesan example of an array of four antennas arrangedin asquare configuration,
measuring cross-polarizationto image the wave. The ability to measure the wave vector of the
surface waves depends on the orientation of the antenna, as illustrated in Figure 2.9 and Figure
2.10. The wave front is possible to be measured when the antennas are oriented in the same

direction as the wave vector.
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Figure 2.8 Array of four antennas as a square measuring the cross-polarization.
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2.1.5 Fourier Transform

A Fourier transform converts a signal from the time domain or spatial domain to the frequency
domain. This technique allows splitting complex signals into a number of frequencies, as shown
in Figures 2.11 and 2.12. Understanding the fundamentals of the Fourier transform will assist in

separating mixed waves from data collection of the ionosphere by analyzing the phase image.
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Figure 2.11 Using a Fourier transform, a complex signal was divided into several sinusoidal

waves.

2.1.5.1 Execution Code for Fourier transform

The Fourier Transform can be implemented differently based on the software platform or

programming language. Python (using libraries like NumPy or SciPy) is commoly used to execute
the Fourier Transform in this research.

2.1.5.2 Length of Time Series

Therequired length of the time series for performing Fourier transforms in Python code depends
on the lowest frequency waves of interest that are intended to be captured. According to the
Nyquist-Shannon sampling theorem, it is necessary to sample at a rate that is at least twice the
highest frequency to be analyzed. Therefore, recording a time series that spans a sufficiently long
duration is typically required to capture the lowest frequency waves of interest accurately. The

chosen time series duration varied from one second, which contains about 512 samples, to fifteen
seconds.
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2.1.5.3 Ensemble Averaging

Ensemble averaging is a technique frequently employed in Fourier analysis to improve the
signal-to-noise ratio. A lengthy time series must be divided into several overlapping windows, and
the Fourier Transform mustbe determined for each window. Afterthat, an average of the produced
transforms is used to estimate the underlying frequency content more accurately. This approach

can help reduce the effects of noise or variability in the data.

2.1.5.4 One-Sided or Two-Sided Spectra

The results of the Fourier Transform show the frequency spectrum of a signal. The
representation of spectra can vary depending on the nature of the signals being analyzed and the
specific application. Two-sided spectradisplay both positive and negative frequency components
of asignal. They are often used in situations where the frequency characteristics of signals may be
complex-valued or contain both positive and negative frequencies as shown in Figure 2.12. Two-
sided spectra find applications in various fields, including telecommunications, radio frequency

analysis, and radar systems.

2.1.5.5 Complex Output and Interpretation

A Fourier Transform generally yields complex-valued output. The complex value represents
each frequency component in the signal, including its phase and amplitude. The phase shows the
relative timing or position of the component, whereas the amplitude relates to the intensity or
magnitude of the component.
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Figure 2.12 Fourier transform converting time domain to frequency domain.

2.1.6 Atmosphere and lonospheric Regions
The structure of the atmosphere isdivided into five different layers. Since the atmosphere is not

uniform, its properties change with altitude. The air temperature and pressure properties change
with altitude. These distinct layers are the troposphere, stratosphere, mesosphere, thermosphere,
and exosphere, asshownin Figure 2.13 [18]. The ionosphereis located in three of those five layers

the thermosphere, the upper mesosphere, and the lower exosphere [12].
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Figure 2.13 Atmosphere layers.

The ionosphere is located in the upper region of Earth's atmosphere, spanning from
approximately 60 km to over 500 km in altitude, where the neutral molecules such as nitrogen N2
and oxygen O, absorb radiation to form ions. Extreme ultraviolet (EUV) and X-ray radiation hit
the neutral atoms or molecules, producing negatively charged electrons and releasing positively
charged ions and free electrons, as seen in Figure 2.14. Theterrestrial ionosphere is split into three
layers: D, E, and F [12]. These layers have varied ionization according to the time of day, solar
cycles, seasons, and solar activity. For instance, the upper layer of the ionosphere, the F region, is

split into two layers, F1 and F2, during the day.
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UV Rays Free Electrons

Figure 2.14 Solar energy hits neutral atoms, generating positive charges and free electrons
[19].
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2.1.7 D Region

The D layer of the ionosphere is approximately 50 to 90 km altitude and consists of neutral
components such as oxygen O, nitrogen N,, argon Ar, carbon dioxide CO,, and helium He. At
low altitudes of the ionization layer (D region), the major ions are NO* (nitric oxide) and O, The
electron density of this layer depends on the height, which differs fromthe diurnal time change,

seasonal fluctuation, and solar cycle variations [20].

2.1.8 E Region

The altitude of the E layer stretches from ~95 km to 150 km above the ground. Solar radiation,
such as X-rays and ultraviolet (UV), ionizes neutral molecules, including mainly NO*, 02+, and
secondary O*and N2* ion components. This layer disappears at night because the rate of ionic

recombination is quick. However, it does not vanish completely and remains weakly ionized [20].

2.1.9 F Region

TheF layeris between 140 and 600km above the surface of the Earth and isthe mostsignificant
layer because of its availability during day and night. During the night, the recombination of ions
and electrons within the F layer occurs at a slower rate compared to the ionization process during
the day. This slower recombination processallows the F layer to persistand support radio wave
propagation. Although the electron density within the F layer may decrease during the night, it is
still sufficient for radio waves to be refracted back to Earth. It is the primary interest of
communications and navigation systems. Thus, it is beneficial to the SDR Earth Imager
research. When neutral atoms and molecules absorb EUV (Extreme Ultraviolet) radiation, lons
and electrons are produced. These particles lead to ionizing O+ and N2+. The F layer divides into
two layersduringthe daytime, the F1 and F2, but these layers merge into one layer at night because
of slow recombination after sunset. Because the ionization remains overnight, it can still affect
radio signals. The F layer hasthe highestelectron density since the electron density ofthe F2 layers
is influenced by the sun, causingarapid increase atany time duringthe day with maximum values,

as can be seen in Figure 2.15 [10, 11].
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Figure 2.15 Density of electron in ionization layers [20].

2.2 Literature Review

2.2.1 lonization Layers and Reflected Radio Waves

The existing understanding of the electrically-conducting ionospheric layer in the upper
atmosphere was built several papers mentioned nextare 100's of years ago . These layers can be
affected by any electrical or magnetic field. Carl Gauss in 1839 and Kelvin in 1860 put forward
the concept of a conductive layer in the atmosphere being influenced by variations in the Earth's
magnetic field [19]. They expected that the upper atmosphere contained ionized regions. In 1878,
Balfour Stewart postulated thatthe conductive layer existed in the upper atmosphere and explained
the regular fluctuations of the Earth's magnetic field. In 1902, Arthur E. Kennelly and Oliver
Heaviside made predictions regardingthe propagation of radio transmissions ata frequency of 300
kHz. This frequency had been transmitted by Marconi in 1901 and was reflected from an ionized
layer in the upper atmosphere [21]. The phase comparison was made between the ground wave
and the reflected wave from the ionosphere to prove and identify the height of the existence of the
ionization layer by Appleton and Barnett in 1925 [22]. A year later, Breitand Tuve measured the
heights and critical frequencies of ionosphere layers, and they transmitted pulses by using the first
ionosonde [23]. In 1931, Chapman illustrated a theory of an ionized layer formation caused by
solar activity [24]. After that, Appleton described radio wave propagation in the ionosphere by
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developing some equations, including absorption influenced by the Earth's magnetic field [25].

The characteristics of plasmato reflect radio waves are well-known by plasma physics scientists.

2.2.2 Radio Wave Propagation
2.2.2.1 Effects of Transmission Medium

Radio waves are influenced by different media when they are propagated. In fact, the boundary
between two different mediums causes the radio waves to change direction. Some energy of the
radio waves might be absorbed by the medium or be reflected back into the original medium, and

the radio waves might pass into the following medium at a varying velocity.

2.2.2.2 Radio Wave Reflection

Radio waves change direction when they strike a surface or travel between mediums. An
incident wave is reflected when it strikes two media that are separated by a boundary. The surface
of the medium works acts as a mirror to reflect radio waves. When radio waves are transmitted by
the angle of incidence or vertical to the ionization layer as a sky wave, the sky wave reflects off
the ionosphere and returnsto a passive antenna. The angle of reflection is equivalent to the angle
of incidence, and the speed of radio waves is the same as the speed of light waves [26]. Reflection
occurs when there is a large difference in refractive index at an interface of two media. Reflection
of the radio waves from the ionosphere used by the SDR Earth Image does not use this method but

refraction.

2.2.2.3 Radio Wave Refraction

The bending or change in direction that happens when radio waves travel through the
ionosphere is referred to as radio wave refraction. The variation in the density of the ionized gases
causes a variation in the refractive index through the ionosphere [27]. Refraction is understood to

be the mechanism of radio wave reflections from the ionosphere used by the Earth Imager.
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2.2.2.4 Ground and Sky Wave Propagation

A transmitting antenna sends radio waves through the atmosphere as ground waves and sky
waves to a receiving antenna. A ground wave propagates along the curvature of the Earth's surface
rather than traveling through the atmosphere. Ground waves are mostly employed in
communications [28]. Ground waves are not being used in this project. They may be used in the
future if they can be separated from the sky wave. Nevertheless, compared to other radio wave
types, such as skywaves and space waves, ground waves are often restricted to shorter ranges and
lower frequencies.

A radio wave spreads outward in all directions from its source. This means that when a radio
wave is emitted from a transmitting antenna, it forms a spherical waveform. A description of an
isotropic radiator and how it propagates radiation can be seen in Figure 2.16. The radio wave
propagates out in all directions as it goes through space, getting weaker as it gets farther from its
source. Generally speaking, the high frequency (HF) band, which includes frequencies between 3

and 30 MHz, is considered the most effective range for sky wave propagation [29].

refraction in
red curved line

sky or ionospheric wave

transmitter receiver

Figure 2.16 A sky wave radiation transmission between a transmitter and receiver [29].

High levels of free electrons in the ionosphere have an impact on radio wave propagation. This
essentially bounces the radio wave back toward the Earth [27, 29]. Radio wave entering the
ionosphere from below starts facing a low level of electron density to a high level, as represented
by the plots (Figure 2.17).
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Figure 2.17 A set of slices representing an area of continually fluctuating ionization while
assuming constant electromagnetic properties [29].

The electromagnetic beam will refractas it moves from one portion to another of the ionosphere
because the refractive index decreases with height until its final angle of refraction is 90 degrees,
at which point it begins to travel horizontally. At this point, the beam will then refract back down
again; therefore, the 90-degree angle is thought to be crucial for ensuring that there has been
sufficient refraction for the beam to return to the Earth's surface, as illustrated in Figure 2.18 [27,
30].
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Figure 2.18 A radio wave refracted in the ionosphere will return to the Earth's surface at a 90°
angle [29].

Snell's Law of Refraction is applied to the geometry of Fig 2.18

sini. ny sinry n, sinrg—1 _ ng
— =2 =2 M1 - Tk (2. 6)
sinry 1 sinry nq sin90 Nk—1
In order that
sini sinr sinry— n
- X — X e X ¢ =k (2. 7)
sinry sinr; sin90 1

The condition that ensures that a emitted radio wave will be returned to the Earth's surface is,
sini = ny (2.8)

Thus, there must be an area in the layer where the electron density is sufficient for bending the

radio wave, resulting in the beam to be returned that is mathematically equal to the sine of the

angle of incidence at the ionosphere'sentry. Otherwise, the beam will penetrate to the next layer

[29].
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The refractive index of a region with an ionization density of N electrons per cubic meter is

n= /1—8]}—;V (2.9)

Where f is the frequency of the radiation that was incident.
For the signal to be returned at vertical incidence

sini =n = 1—8;—2] =0 (2. 10)

The condition of having a refractive index of zero (n = 0) reflects a desired outcome.
there is an area of high electron density inside the layer so that it always gets returned at vertical

incidence.

f=9+/N (2. 11)

The critical frequency is an electromagnetic wave that is just high enough to be refracted back
to the Earth's surface by a particular ionosphere layer. The critical frequency is determined by the
maximum electron density of the layer for reflection. The maximum electron density increases,
moving up through the layers of the ionosphere. Therefore, the critical frequency also increases
with altitude. This means that higher layers of the ionosphere will refract higher-frequency waves
[29].

fe =9V Nyax (2.12)

Where Nmax is the layer's maximum electron density.

2.2.2.5 Virtual Height and Actual Height

When a radio transmitter sends a carrier wave into the sky, the carrier wave travels through the
air and gradually bends through the ionosphere back to the earth due to refraction. The path that
the carrier wave takes from the transmitter and the angle of reflection is used to determine the
virtual height, which is the apparent height of the carrier wave's reflection point. However, the
actual height of the reflection pointis slightly lower than the virtual height because the carrier
wave refracts as it passes through a dense layer in the atmosphere. This phenomenon causes the
carrier wave to bend more than expected, resulting in a lower actual height than the virtual height,

as illustrated in Figure 2.19.
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Maximum Usable Frequency (MUF) is the highest frequency reflected by the ionosphere layer
atthe angle of incidence. MUF is determined by different factors, including time of day, the angle

of incidence, and solar activity [32].

MUF = critical frequency — fc secH (2.13)
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Figure 2.19 Actual and virtual height of the ionosphere.

2.2.3 Software Defined Radio (SDR) Earth Imager

Software Defined Radio is aradio communication system where components that
conventionally have been implemented in analog are instead implemented by means of software.
It has numerous applications, including military, radar, threat detection, radio astronomy, and
amateur radio. The two main advantages of using Software Defined Radio in many applications

are flexibility and low cost [33].

Software-definedradio has two main parts: atransmitterand a receiver. Each parthasan analog
and a digital component. The radio receiver extracts the arrival time of a radio signal coming from
an antenna. Figure 2.20 shows that the square on the left is used for analog signals, and the square

on the right is used for digital signals.
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Figure 2.20 Analog and digital Receiver block diagram of Software Defined Radio showing
ETTUS model USRP N210.

Two different methods were used to measure the phase of the carrier wave: a hardware method

and a software method.

2.2.4 Hardware Method

The hardware method uses quadrature measurements to measure the phase difference between
the emitted and detected radio waves. The difference in phase of the transmitted andreceivedradio
waves is a measure of the phase shift. The term 'quadrature signal’ is generally understood The
quadrature signal is also called In-Phase and Quadrature (1/Q). It is commonly used in radio
frequency applications such as antenna beamforming, coherent pulse measurements, radar
systems, and the direction of radio waves. The 1/Q can be represented as a cosine (I) part and a
sine (Q) part. where I (in-phase) represents a cosine wave and Q representsasine wave. Two ways
are used to represent the complex signal: Cartesian coordinates (x, y) and polar coordinates (r, 0).
The amplitude and angle describe the polar coordinates.

c =Ael®

Where A is the magnitude and c is the complex number.
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ei%=cos O +i sin O

Where cos O is the real part indicating the in-phase component, and sin © is the imaginary part

indicating the quadrature component, illustrated in Figure 2.21 and 2.22.

The formula is

c=a+tjb

as shown in Figure 2.21. The magnitude of the complex number is;

A=|c|=+Va?+ b? (2.14)
The phase angle is the arctangent of the ratio of the imaginary and the part real part.
— —-1¢b
O =tan™"(2)
Imaginary axis Imaginary axis

I - c=a+jb i _ \ =
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Figure 2.21 A signal representation by a phasor. Figure 2.22 The quadrature signal.

The sinusoidal function in Figures 2.21 and 2.22. expresses the quadrature signal as e'2™ot and
e~ 12t The real-valued harmonic signal can be achieved by superposing two counter-rotatingphasorsin the
complex plane. For better understanding, Figure 2.23 depicts an example of the phasor with its

decomposed sine and cosine components.
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Representation of 1,Q Signal in 3D with its Projections
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Figure 2.23 Phasor with sine and cosine as complex signals.

2.2.4.1 Carrier Wave Implementation of Phase

Measurements

Communications deal with different techniques by modulating the radio wave carrier to carry
information from one point to another. Those signals are often called carrier and modulation
signals. The carrier signal is modulated on the transmitter side before being transmitted at the
transmitter antenna. Later, the radio signal is received at the receiving antennawhere the receiver
is situated. The receiver is basically a demodulator to demodulate the received signal, whereas its
outputis the modulation signal. When two signals with frequencies f1 and f2 are mixed together,
the output signal will contain frequency components that are the sum (f1 +f2) and the difference
(If1 - £2]) of the input frequencies. This process can be represented by a mixer whose outputis a
combination of signals; one is the signal of the summation of input frequencies, and the other is

the difference between those frequencies, as shown in Figure 2.24.
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Figure 2.24 Super heterodyne receiver of radio wave showing | and Q channels [34].

Here, the single-tone carrier signal can be reflected from the ionosphere layer down to the
receiver of the various antenna elements that build the array. Each element is expected to receive
the same carrier signal but with some unknown phase difference (namely the relative phase). The

above mixing approach can be used here to measure the relative phase difference.
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Figure 2.25 A more detailed illustration of the receiver adds several useful elements [35].

This technique can be implemented to convey information from the ionosphere utilizing the

hardware method of measuring the phase difference. The radio wave can be represented as

S(t) = Re {A(£)e®®} = A(t)cos (6(t)) (2. 15)
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6(t) = 2nfot + P (b). (2. 16)
S(t) = A(t)cos Rufit + ¢(t)) = Re {A(t)e/®®) e2nfct} (2.17)

Where S;(t) is the received signal at the receiver with a frequency f., amplitude A(t), and phase
¢ (t). Thecomplex components of the signal can be denoted by land Q, referringto the "in-phase™

and "quadrature™ components, respectively.

S;(t) = A(t) cos2nf,tcos p(t) —jA(t)sin 2mf tsin ¢p(t) (2.18)
= I(t) cos2n f.t — jQ(t) sin 2nf.t (2.19)

The cosine term is the component with zero phases called the in-phase component, whereas the
sine term with a 90-degree phase is the quadrature. The input signal is mixed with the local
oscillator (LO) at the receiver at 0- and 90-degree offsets (Figure 2.25). This multiplication of
trigonometric functions results in two orthogonal functions as components of phase (I) and

quadrature (Q). The two-channel output can be used to estimate the relative phase value g.
/PO = cos f(t) + jsin (ﬁQ (t)) (2. 20)

Where cos j, (t) and sin ﬂQ (t) arethe in-phase and quadrature channel outputs of the receiver,

and S(t) is the time-varying relative phase between the receiving antenna elements.

The concept of using a double-balanced mixer (multiplier) or mixer acts as a phase detector. A
transmitter (modulator) and each detector (demodulator) use a double-balanced mixer in order to
measure the phase. The Vector Network Analyzer (VNA) can assist in measuring the phase of
several received signals. A VNA requires two or more receivers since a reference channel (R) is

required to calculate the phase.

2.2.5 Software Method

The software technique utilizes a software-defined radio to measure the round-trip time of the
radio wave from the transmitter to the ionization layer and back to the receiver. To achieve this,
the ETTUS N210 is employed to generate a Barker's code, which is used for measuring the
transmission time and receiving times at each antenna. The computer records these times and

calculatesthe time differences foreachreceiver, resultingin atime difference image. Itis expected
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that this time difference image corresponds to the hardware phase image. Both measurement
methods (Hardware and Software) rely on the temporal coherence of the imaging device. The

periodic phase shifts within the phase image indicate waves within the Earth's ionization layer.

2.2.6 lonospheric Disturbances

2.2.6.1 lonospheric Response to Disturbances

To better understand the relationship between a disturbing event and its ionosphere response, a
range of methodologies have been used to study these Earth and space disturbances. Rishbeth [3]
addresses the likelihood that distinct waves might be produced by storms and dynamic climate
models. Examples of these disturbances are natural earthquakes and man-made earthquakes.

2.2.6.2 lonospheric Response to Earthquakes

Several studies have shown that measuring the critical frequency of the ionosphere wave has
given a variety of results before and during an earthquake [3]. Earthquakes have been known to
cause disturbances in the F region of the atmosphere, with precursors appearing up to five days
before the earthquake [36]. As a result, it is critical to investigate any potential predictive
characteristics in these signs because the mechanism of earthquakes that seismic activity of the
Earth's plate tectonic motion generates electromagnetic radiation as pulses reach the ionosphere
[37]. According to Chen et al. (2004), earthquakes have been observed to induce disturbances in
the F region of the atmosphere, leading to the emergence of precursors up to five days before the
seismic event. Investigating the predictive characteristics associated with these signals is of utmost
importance. They conducted statistical tests for pre-earthquake ionospheric anomalies to
investigate this phenomenon [36]. The mechanism underlying these precursors involves the
generation of electromagnetic radiation from seismic activity resulting from the Earth's plate
tectonic motion reaches the ionosphere.. During an earthquake, the release of energy from the
Earth's crustcauses seismic waves to propagate through the Earth. These waves, including primary
waves (P-waves) and secondary waves (S-waves), travel through the crust, mantle, and core. As
the seismic waves approach the Earth's surface, they interact with the atmosphere and ionosphere.
The interaction between seismic waves and the ionosphere generates electromagnetic radiation in

the form of atmospheric waves [34].
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By studying the characteristics of these precursors, researchers aim to identify patterns and
establish potential links between ionospheric disturbances and impending earthquakes. The hope
is that by understanding the relationship between seismic activity and ionospheric anomalies, it
may be possible to develop more reliable earthquake prediction methods and enhance early
warning systems. Further research is still ongoing to unravel the complex mechanisms and
processes involved in seismo-ionospheric coupling and the generation of ionospheric precursors.

Trigunait and co-workers [38] used three satellites and a ground-based radio station to detect
electron density variations in the ionosphere before and after a quake. They found anomalous
electron density fluctuations before an earthquake occurred, showing that electric and magnetic
changes could happen a few hours or days before the earthquake occurs [38]. Other supporting
research illustrated that ionosondes and GPS receivers measured a variation in electron density
leading to ionosphere variations where the precursor of this phenomenon was noticeable from one
to seven days before the earthquake [7 ], [24 , 25].

2.2.6.3 Correlation between Earthquakes and lonosphere

Different methods have been proposed to classify the measuring of earthquakes. For many
years, scientists have used traditional methods to predict natural disasters. For example, in 1906,
crustal deformation was suggested by H. F. Reid to estimate pre-earthquake activities and to
measure the accumulated forces produced by the seismic shift [40]. Also, the detection of gas
emissions such as carbon dioxide and radon was considered one of the approachesto predict the
precursors of earthquakes [39]. The current measurement network, which has several sensors
distributed in many countries, aims to detect earthquake precursors and is costly compared to the
proposed SDR Earth Imager, which may be able to warn about earthquakes [36].

Many papers have reported the mechanism of pre-earthquakes. The most important
phenomenon in preparing for earthquakes is the electric field, which was first recorded in 1924 by
Chernyavsky [39]. Other reports reveal that pre-earthquakes cause perturbations in the F-region of
the atmosphere, and the signatures of these pre-earthquakes appear one to five days before the
actual quake [36]. The mechanism of the pre-earthquake signatures, possessing structures of the
ionosphere, is still not fully understood. Studies led to a hypothesis according to which seismic

activity is produced by tectonic plate frictions that generate electric fields. These electric fields
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that ionize the particles in the ionosphere are more noticeable in the E region of the ionosphere
during nighttime [41].

Pulinets and Davidenko [42] demonstrated the link between the electromagnetic field of the
ionosphere and the seismic waves created by the epicenter ofan earthquake. They have based their
scholarship history on this link, referring to the link as Global Electric Circuit. They showed the
influence of earthquakes on changing the ionosphere's ionization. Harrison [43] reported a
correlation between the seismic activity and the lower ionosphere responses over the pre-
earthquake area and suggested measuring the change in the ionosphere by cutoff frequency
'tweeks'. The amplitude and phase of radio waves could be examined to detect the electron density
of the lower ionosphere as well. Karpov et al. [44] proved a strong connection between Total
Electron Content (TEC) variation of the ionosphere and events prior to earthquakes by numerical
simulations that showed the density, longitude, and latitude of seismic and ionosphere areas. The
investigation of variation in the F2 ionization layer during precursory activities before the 1994
Chi-Chi earthquake was recorded by Taiwanese scientists. The anomaly of critical frequency of
the F-region in the atmosphere was documented during the pre-earthquake up to five days, and the
disturbance to the ionosphere was influenced by earthquakes with a magnitude (M) > 5.0 [36]. H.
Rishbeth indicated the possibility of the ionosphere variations, particularly F2 layer being linked
to an unexpected natural phenomenon such as earthquakes or a big man-made disaster [3]. It has
also been thought that the reactions of ions in the seismic area of the earthquake preparation
generated electric fields that could transport ions from the lower atmosphere and cause variations
in the ionosphere [45]. It is possible to verify this theory by taking some samples of gases from
the ionosphere during the pre-earthquake. However, this theory could probably face issues in
choosing the proper place for instrumentation during the event. Also, the mechanism of
electromagnetic emission generated by pre-earthquakes and transferred to the ionosphere is not
yet fully understood. In 2015, Petraki et al. [46] published a review article that showed various
frequencies recorded from earthquakes. They demonstrated the properties and characteristics of
waves on the surface of the ionization layer created by seismic disturbances-and found a wide

range of frequencies of earthquakes from kilohertz to megahertz (MHz).
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2.2.6.4 Velocity and Altitude of Coseismic lonospheric
Disturbances Caused by Earthquakes

Several attempts have been made to find the velocity of coseismic traveling ionosphere
disturbances (CTIDs) caused by earthquakes. Most of the previous research indicated that
ionospheric waves propagate with an average velocity of around 2400 m/s.

In 2016, Yang-Yi Sun etal. [47] investigated the Nepal earthquake on 25 April 2015 by having
vertically scanned electron density (Ne) in the ionosphere using a ground GPS receiving network
and the space GPS Radio satellite. They found the Nepal earthquake pulses with a magnitude of
7.8 in the vertical directions penetrated the ionosphere at a supersonic speed of around 800 m/s,
and the Ne structure was altered by 10% close to the maximum height of the F2 layer (hmF2). The
excess of 30 km elevated the hmF2 within one minute, andthe size of the disturbancein the vertical
direction was 150 km. In contrast, a velocity of seismotraveling ionosphere disturbances (STIDs)
propagated at 2.4 km/s in the horizontal direction.

Another study of the Nepal earthquake on 25 April 2015 was done in 2017 by Ram and co-
workers [48] and found that the upper atmosphere at altitudes of 300 — 440 km from the Earth's
surface was affected by the earthquake-induced acoustic waves. They observed ionosphere wave
propagation on the south of the epicenter with an initial velocity of ~2.4 km/s, which is lower than
the surface Rayleigh wave velocity of ~3.7 km/s. In addition, the study shows that the ionospheric
wave propagates faraway, about 800 km from the central ionospheredisturbances to the southward
direction, and then the wave splitinto modes as fast (~2.4—-1.7 km/s) and slow (~ 680 — 520 m/s).

In 2016, Chum and co-workers reported that an earthquake in Nepal on 25 April 2015 with a
magnitude of M7.8 had an effect on the ionosphere layers over Taiwan and the Czech Republic.
The signatures of the ionosphere were observed in Taiwan and the Czech Republic, far from the
epicenter of the earthquake. The cause of the ionosphere disturbances was infrasound waves
produced by the apparent movement of the ground surface. The study also found that the damping
occurred to infrasound waves while propagating nearly vertically through the ionosphere at 200

km altitude of the F layer, as seen in Figure 2.26 [14].
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Figure 2.26 The ground wave and the ionospheric wave response to the Nepal earthquake in
2015 from two different locations [14].

2.2.6.5 Transfer Function of Earthquakes

The differences in time (software determined) and phase (quadrature measured) between each
antenna produce two types of equivalent phase images. The differences in phase are due to the
radio waves reflecting of f the ionization layer's surface waves from two different points, the peaks,
and valleys. Reflecting off the valley will travel a longer path length than reflecting off a peak, so
it will take longer to reach the antenna. The small percentage of the phase shift, ~5%, is sufficient
to measure the phase information with the Earth Imager [49]. Each set of ionization layer's waves
represents a different Earth-disturbing event having its own characteristic amplitude, frequency,
and travel direction. The transfer function of the Earth's disturbing event can then be determined

from the following,
R (1) = A ei®t, Ao=d(x).c. 4, 6= w=2nfk, (2.21)
Where A is the amplitude of the Earth-disturbing event, A, is the amplitude of the Earth-
disturbing event after coupling and damingg, c is the coupling of the Earth-disturbing event to the

ionization layer, and d (x) isthe dampingof the wave asittravels alongthe surface of the ionization

layer.
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The power of the disturbing event can be determined by the square of the amplitude and the
energy of the disturbing event can be measured by the wave's frequency.

As mentioned above, a Fourier transform of the phase image can be applied to separate the
many sets of waves using their various frequencies and wave vectors within the Fourier image. An
illustration of the disturbing event impressing its signal into the ionization layer represented by its

transfer function is shown in Figure 2.27.
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Figure 2.27 The transfer function of the earthquake.

2.2.6.6 Response of lonosphere to Artificial Disturbances
Made by Humans

A different area of study for the ionosphere response is artificial disturbances such as
explosions, rockets, and missile launches, which reachthe ionization layers as acoustic and gravity
waves [50]. Since the 1960s, a great deal of research has been done on the relationship between
disturbing events on Earth caused by humans and their impact on the ionosphere. In 1962,
Bowman published a paper in which he described variations in the ionosphere and d etermined a
pressure wave's propagation speeds, including previous explosions from 1958. The pressure wave

from the blasts on the ground propagated upward and pushed the ionosphere, creating ionosphere
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disturbances [51]. A more recent research study from 2006 has indicated that one of the sources
of infrasonic waves couplingbelow from the troposphere to the ionosphere isunderground nuclear
and massive chemical explosions [52]. Rothkaehland co-workers investigated anumber of factors
affecting the standard of satellite communications. They mentioned some disturbances generated
by power sources, including broadcasting transmitters, power stations, power lines, and heavy

industry, produced a very low-frequency emissions range in the Earth's plasma environment [53].

2.2.6.7 lonospheric Response to Power Line and Losses

Growing concerns have been raised about how the man-made ionosphere and magnetosphere
such as power line emission (PLE) and power line harmonic radiation (PLHR), are affected. An
electromagnetic wave with harmonic frequencies of 50 or 60 Hz found in the ionosphere and
brought on by electrical power systems on the surface of the Earth is known as Power Line
Harmonic Radiation or PLHR. A sort of emission that happens at 50 or 60 Hz frequencies is
referred to as Power Line Emission (PLE). The PLHR and PLE are believed to be related to ground
electric power systems since their frequenciesare in excellent agreement with comparable ground
power system frequencies [54].

Since the 1970s, many reports have been issued on the monitoring of PLHR and PLE on the
ionosphere and considered that power line harmonic radiation (PLHR) is a type of pollution that
originates from the power system and is emitted into the near-earth space [55]- [56]. In 1975, the
pioneer work of Helliwell et al. reported that VLF line radiation existed in the Earth's
magnetosphere by the spectrograms of the received singles showing a frequency close to 60 Hz. It
was suggested that a whistler duct in the magnetosphere is penetrated by harmonic radiation from
the Canadian power grid near Roberval [57].

PARK (1977) demonstrated that Power Line Harmonic Radiation (PLHR) had the ability to
stimulate the strongestwaves, leadingtofrequentemissions in the magnetosphere. [58]. When Park
and Miller (1979) examined the magnetospheric wave strength between 2 and 4 kHz, they found
that the chorus (discrete narrowband emissions) activity shows a noteworthy minimum on Sunday
compared to the rest of the week because of reduced electrical consumption on that day [59].
Accordingto another study (J.P. Matthews and K. Yearby in 1981), the PLHR seen at Siple is
typically comparable to the VLF line radiation characteristics of magnetospheric waves detected

at Halley. Even though it seems like line spacings, occurrence frequency, and diurnal fluctuation
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are separate [60]. Numerous parallel horizontal spectral lines with spacings of 50 Hz/100 Hz or 60
Hz/120 Hz, similar to the local terrestrial power, were found when these occurrences were
analyzed using the time-frequency spectrogram of the electric field intensity [46, 50].

Anotherstudy indicated that PLHR penetration into the lower ionosphere may lead to increased
electron precipitation and changes in the ionosphere and magnetospheric currents, which may have
an influence on thunderstorm activity [51-54].

The PLHR and PLE events in the ionosphere over China were discovered using DEMETER
satellite data, and the features and relationships betweenthe two types of radiation were examined.
133 PLHR events were moved by the 50 Hz spectral line frequency in the electric field power
density time-frequency spectrograms. They had a strongconnection to the frequency of the ground

power grid [66].

2.2.6.8 Response of lonospheric to Weather and Storms

Severe weather and storms at lower Earth's atmosphere also create waves affecting the
ionosphere. The common hypothesis is that active storms and weather systems generate waves in
the lower atmosphere, which are carried up to the ionosphere [3]. In the 1940s, decade-long
research at the Zi Ka Wei Observatory in Shanghai, China, applied an approach in weather
forecasting with great success. They found that there was a connection between the critical
frequency echoed and the movement of air masses. The carrier wave was transmitted to the
ionization layers and fromed returned ionosphere echoes (E, F, and F). They could predict the
cause to be the weather across a 400-square-kilometer area. The echo from the E layer indicated
that the maritime air mass was close to them. To clarify, ionospheric waves serve as indicators of
weather events happening at a distant location. If these ionospheric waves can also determine
whether a storm is approaching the measurement location, they could be utilized for weather
prediction purposes [67].

It is important to note that the specific capabilities of an ionospheric imager depend on the
design, frequency range, antenna configuration, and processing techniques employed. Different
types of ionospheric waves require differentmeasurementand processingapproaches. Researchers
and scientists use ionospheric imagers to investigate and understand the behavior, dynamics, and
effects of waves in the ionosphere, contributing to fields such as space weather monitoring, radio

wave propagation studies, and ionospheric research.
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The SDR Atmosphere Imager consists of multiple antennas as receivers, each representing a
pixel in the generated image. However, due to the spatial distribution of the array antenna, the
radio waves reflected by the ionosphere reach different antenna locations at different times. This
variation in path and arrival time of the radio wave carriers is crucial for determining the phase
shift between the emitted and received radio waves, which ultimately forms the image of the
ionospheric waves.

In order to separate the different sets of waves present in the phase image, Fourier analysis is
employed. Each set of waves in the phase image exhibits a distinct combination of frequency and
wave vector. By applying Fourier analysis, a Fourier image is obtained, where the waves are
separated based on their frequencies and wave vectors.

The relative phase information about the ionospheric waves is obtained through the
configuration of the antennas. It is important to note that the specific capabilities of an ionospheric
imager depend on the design, frequency range, antenna configuration, and processing techniques

employed.

45



Chapter 3 Monitoring Earth Using Earth Imager

This chapter is based on a publication in the Journal of Atmospheric and Solar-Terrestrial
Physics [9], and additional information on data collection and analysis has been included.
Radwan Sharif @ S, Gokhun Tanyer®, Stephen Harrison¢, Peter Driessen?, Rodney Herring?
a MENG, University of Victoria, Victoria, V8W 2Y2, Canada
b ECE, University of Victoria, Victoria, VBW 2Y2, Canada
¢ Dominion Radio Astrophysical Observatory, Kaleden, British Columbia, VOH 1K0, Canada

Abstract

To obtain information about Earth's disturbances to the ionosphere of the atmosphere, a
Software Defined Radio (SDR) Earth Imager was constructed at the Dominion Radio
Astrophysical Observatory (DRAO). This imager used radio waves reflected from the Earth's
ionization layer to phase image waves on/in the ionosphere. Two sets of waves were found, one
having a constant frequency and another having a large spike. The constant frequency waves
represent a continuously active ionospheric disturbance, such as a power generating station. The
large spike waves were randomly occurring outliers. Candidates for the spike waves are lightning
strikes and/or earthquakes. Having the capability to detect these waves opens up the possibility of

measuring the power, energy and location of their disturbance.

3.1 Introduction

The ionosphere is an envelope surrounding the Earth and is its largest sensor existing at the
highest region of the atmosphere. The ionosphere has been studied since the 1920s using
ionosondes [2]. The ionosphere consists of ions and free electrons generated by the radiation from
the Sun being absorbed by atoms and molecules such as nitrogen, oxygen, and nitric oxide [68].

lonospheric measurements made by the ionosondes start at about 50 km altitude and extend to
over 500 km altitude. The ionosphere is divided into three layers, D, E, and F. Each has varying
ionization densities due to the Sun's radiation as a function of time of day and seasons and is also

influenced by solar activity, including solar flares and solar wind [68]. These ionization layers are
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not flat. Instead, they have waves that can be inferred from ionosonde measurements. An
ionosonde measurement, though, only provides the equivalentinformation of one pixelinan image
that is not able to provide any wavevector information of the waves. Previous studies have shown
that the waves in the ionization layers are created by terrestrial disturbances such as earthquakes,
volcanic eruptions, hurricanes, tsunamis, and man-made events. Disturbances from Space, such as
solar flares, also can create measurable waves on the surfaces of the ionization layers (Rishbeth,
2006).

3.2 lonospheric Response

The ionospheric response to Earth and space disturbances has been studied using various
techniques to clarify the connection between a disturbing event and its ionospheric response.
Rishbeth (Rishbeth 2006) discusses the possibilities of multiple waves being created from
atmospheric dynamics and storms within the atmosphere. However, he also indicated that more
investigation was required. An example of these disturbances is Earthquakes. Although there is
still doubtamong the scientific community of the validity of using radio waves to measure pre-
earthquake disturbances, several studies have shown that measuring the critical frequency of the
ionospheric wave before and during an earthquake shows precursors appearing up to five days
before the earthquake (Rishbeth, 2006), [36].

A possible mechanisminvolves generating electromagnetic pulses during seismic activity that
reach theionosphere [37]. Trigunaitand co-workers (Pulinetsetal., 2004) also used three satellites
and a ground-based radio station to detect electron density variations in the ionosphere before and
after an Earthquake. They found anomalous fluctuations of the electron density before an
earthquake occurred, showing that electric and magnetic changes could happen a few hours or
days before the earthquake occurs (Pulinets et al., 2004). Other supporting research using
ionosondes and GPS receivers measured a variation in electron density leading to ionospheric
variations where the precursor of this phenomenon was noticeable from one to seven days before
the earthquake [69]. As a result, further studies should be conducted to add more information to
the potential predictiveness of using radio wavesto measure the disturbances of the ionosphere.

A different study area is the ionosphere response to man-made disturbances such as explosions,
rocket and missile launches, which arrive in the ionization layers as acoustic and gravity waves

[50]. The correlation between human-made Earth disturbing events and their effects on the
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ionosphere has been widely investigated since the 1960s. In 1962, Bowman published a paper in
which he described variations in the ionosphere and determined a pressure wave's propagation
speeds, including previous explosions from 1958. The pressurewave fromthe blasts on the ground
propagated upward and pushed the ionosphere creating ionospheric disturbances [51].

A study by Lastovic¢ka [52] indicated that infrasonic waves created from underground nuclear
and massive chemical explosions were able to couple with the ionosphere fromthe troposphere.
Rothkaehl and co-workers [70] studied some factors that affect satellite telecommunication
quality. They mentioned that some disturbances generated by power sources, including
broadcasting transmitters, power stations, power lines, and heavy industry produce very low-
frequency emissions in the Earth plasma environment.

It has also been reported that the penetration of power line harmonic radiation (PLHR) into the
lower ionosphere caused increased electron precipitation and changes in ionospheric and
magnetospheric currents [71], [52-54]. Almost all PLHR events have corresponding man-made
power line emissions (PLE) at the fundamental frequency of the local power network [54].

Many methods are currently being applied to gather data on the ionosphere, including weather
balloons and ionosondes [4]. Weather balloons are launched twice a day to collect information
about temperature, air pressure, humidity, and the speed and direction of the wind in the
atmosphere. These techniques provideonly afew data points per day and, although the information
is useful, it is not enough to give a clear picture of the behavior of the ionosphere. As well, the
maximum height reached by weather balloons is about 53 km [5].

The useful information provided by ionosondes is an estimate of the height and critical
frequency of each ionization layer. They are not able to locate the source of the waves they are
detecting.

Other possible methods of measuring the properties of the ionosphere include using multiple
satellites [6], HF Doppler radar, and over-the-horizonradar [72]. Inan attemptto identify Rayleigh
waves generated by earthquakes, radio wave imaging by Doppler has been found to have limited
sensitivity only able to detect disturbances greater than the Richter scale magnitude 7 [16], which
is notable to give enough information about the ionization layers and their corresponding Earth
disturbing event.

Imaging the ionosphere'swaves isnotpossible by the previously described methods. Therefore,

this paper intends to present a novel approach to image the waves existing on the ionosphere by
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using radio waves reflected from the ionosphere as the carrier wave and an antenna array on the
surface of the Earth as the camera. Software Defined Radio (SDR) and GPStiming are the enabling

technologies.

3.3 Experimental Method

3.3.1 SDR Experimental Method

The SDR Earth Imager comprises Software Defined Radio (SDR), GPS timers, and an antenna
array to detect and monitor the waves existing on the ionosphere. Radio waves are transmitted
from a point source on the surface of Earth up through the atmosphere at near-vertical incidence,
reflecting them off the ionosphere and then detecting them upon their return to the Earth using the
radio wave camera. The device measures the time and phase shift of the radio waves received by
each antenna of the radio wave camera (Figure 3.1). The difference in the path length of the radio
wave (L) propagating from the transmitter to each receiver in the array determines the phase shift
at each pixel in the image. The spatially varying phase shift is used to construct a phase image of

the reflecting ionospheric surface revealing the waves created by Earth disturbances.
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Figure 3.1 A transmitted radio wave is shown reflecting off the ionosphere to the camera
consisting of an antenna array having 4 antennae aligned in the east-west direction (antenna 3

marked with an X was inoperable) and 4 antennae aligned in the north-south direction.
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The transmitted radio wave can be considered as a carrier wave of the information, i.e.,
amplitude, frequency, and wavevector of the waves existing in the surface of Earth's ionization
layer. The radio wave transmission was from Penticton, British Columbia, Canada and received
by the antennaarray at DRAO, Kaleden, British Columbia, Canada situated 19.86 kilometers away
from the transmitter.

The method to measure the phase of the carrier wave used the quadrature of a beamformer, a
device using multiple signal inputs received at the same time. The beamformer had 16 inputs,
although only four antennas were connected. The beamformer measured the relative phase
between all pairs of antennas.

The difference in phase, 4¢, determined the difference in the path length of the radio wave (L)
propagating from the transmitter to each receiver in the array, expressed as

Ap =2m (AL/A)=2rnf (AL/C)..eenenen... (3.1)
where f is the frequency, A is the wavelength, and c is the speed of light (~3x108m/s).

3.3.1.1 Dominion Radio Astrophysical Observatory (DRAQ)
Experimental Method

The experimental device consisted of three main components; one radio wave transmitter, one
radio wave detector that comprised a two-dimensional array of receivers, and the beamformer that
measured the phase of the transmitted and received radio waves shown in the block diagram in
Figure 3.2.
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Figure 3.2 The experimental equipment used included a transmitter, receiving dipole antenna,

filter and beamformer connecting to the SDR at DRAO.

The radio wave transmitter was a half-wavelength dipole for the amateur 80 m bands. The wire
of the transmitting dipole antenna extended 37 m from East to West. It was powered by a signal
generator that is connected to a GPS receiver providing a reference to synchronize the transmitted
signals with the received signals.

The signal generator generated tones and sweeps of continuous waves having sinusoidal
waveforms and a maximum power of 100 W. These transmitted radio waves included a ground
wave and a skywave. The detector consisted of an antennaarray of eight (two antenna arrays of 4)
receiving antennas set up on non-conducting tripods 16 feet above the ground. The antennas
numbered oneto five were arranged in an East-West line with an approximate distance of around
15 m between antennae. The antennas numbered six to eight, branched off perpendicularly from
antenna 2 to forma T shape alignment North to South with a spacing of roughly 20 m between the
antennas. The dipoles were all oriented the same way along the East-West axis where the null of
the array is approximately zero. The intensity of the ground wave was attenuated greatly by
mountains located between the transmitter and the receiver. Each antenna had the same length of
coaxial cable connected to the equipment allowing in-phase reception. The amplifiers after the
bandpass filter were coupled to the beamformer. Initially, eight low-frequency amplifiers were
connected between the bandpass filters and the eight antennas; however, the beamformer received
weak signals, so the amplifiers for four of the eight antennae were transferred to the remaining

four antennae to provide enough amplification of the signals for their detection. As a result, four
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antennas could only be used at a time. Two configurations of four antennae were used.
Configurationone usedantennael, 6,4, 5, which were perpendicular to the incoming carrier wave.
Antenna 6 was replaced by antenna 3, which at the time wasn't working well in the linear array.
The second configuration consisted of antennas 2, 6, 7, 8, which were parallel to the incoming
carrier wave, Figure 3.3.
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Figure 3.3 The receiving antennae array used as a camera having configurations consisting of
one set of antennae 1/6, 1/4. 1/5 and another set of antennae of 2/6, 2/7, 2/8 with distances

between the antennae shown.

The window length of the bandpass filter was from 3.85 MHz to 4.096 MHz and had 512

channels. Each channel had one-kilohertz bandwidth. Eight bandpass filters were used, as shown

in Figure 3.4.
3.584/3.585]3.586 3.70 4.0944.095/4.096
| | I (I I I I I |
| | I (I I (I I | |
I | I I I I I | |
I | | |=4 I k= | | |
I | I (I | (. | | |
I I I (I | I I | I
| I I (I I I I | |
] — i ’ . - ) i N - >le—
kHA. ...... 8.3 = 2 AkHz 1kHz| _ _ _JkH
1 2 3 510 511 512

Figure 3.4 shows the 512 channels of a bandpass filter having a 1 kHz width.
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There were three sets of data collected. The signals were digitalized with a sample rate of 1.024
MSPS (million sampling per second) at an integration time of 0.4s. Further details are in Table 1.
The beamformer measured the relative phase between all pairs of antennas. Each of the two
antenna configurations was used to generate three data sets. Each data set used a different range
of frequencies with a sample rate of 0.4 seconds. The waves shown in Figures 3.5, 3.6, and 3.7 are

representative of the two types of waves found, i.e., continuous waves and spike waves.

Table 3.1: DRAO Experimental Parameters.

Beamformer channels used 4

Frequency range test 3.584-4.096 MHz
Number of frequency channels 512

Sample rate 0.4s

Configuration #1

Frequency and Recorded Data 3.7 MHz for 71.2 and 12 seconds

Frequency and Recorded Data 3.8 MHz for 683.2 seconds

Frequency Sweep 3.70 to 3.706 MHz for 2002 seconds
Configuration #2

Frequency and Recorded Data 3.7 MHz for 2001.2 seconds

Frequency and Recorded Data 3.8 MHz for 721.6 seconds

Frequency Sweep 3.72t0 3.726 MHz for 2002.4 seconds

3.4 Experimental Results

The three-dimensional (3D) ionospheric surface waves for antenna configuration one are
illustrated by a time sequence of frames of the phase images, Figure 5. The dataset of 3.7 MHz for
antenna configuration one was analyzed at different time series during 71 seconds. Plots a, b and
¢ show three-dimensional axies; the x-axis is the horizontal line representing various time
sequencesandthe y-axisisthe horizontal line representingthe distance between antennas, whereas

the z-axis is the vertical line representing relative phase.
The relative phase differences between the antennae were determined from antennapairs 1/6,

1/4, 1/5, i.e., relative to antenna 1. As a result, the four antennas have three relative phase
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measurements. The animation of the phase differences for the receiver array revealed a travelling
ionospheric disturbance whose peaks and troughs are constant, Figure 3.5. The oscillatory phase
differences are observed to have a mean frequency was 0.7421 + 0.32910 Hz, and their mean
amplitude was 30.3899 + 6.07599 degrees. These waves representing those disturbances appear to
have a wavevector pointing in the North-South direction. Additionally, waves having a large
amplitude like the spikes shown in Figure 3.5 ¢ and Figure 3.7 were found passing through at
unpredictable times, essentially being outliers in the timing of their appearance.

However, the analysis of the dataset of 3.8 MHz was performed, and the results did not show
as clear waves as the dataset of 3.7 MHz.

Config#1 dataset with Frea-= 3.7 MHz, Ref-Ant # 1, ( 1/6, 1/4, 1/5)

| 150
1100
+50

Figure 3.5 Graphs show waves moving in the surface of Earth's F ionization layer having a

constant amplitude in (a) and (b), and a high amplitude spike in (c).

Another dataset generated by configuration 2 is presented in Figure 3.6 plotted relative to
antenna 2 for the pairs 2/6, 2/7, and 2/8. The data also revealed the presence of the constant waves,
which have a mean frequency of 1.4389 +0.97234 Hz and had an average amplitude of 26.6180
+7.0699 degrees.
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Config # 2, Second Data set For Freq. = 3.7 MHz, Ref-Ant. #2, ( 2/6,2/7,2/8)
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Figure 3.6 Waves found moving in the surface of Earth's F ionization layer having a constant

amplitude, frequency and direction of movement in the different time sequences a, b, and c.

Again, spike waves were found. Figure 3.7 shows two examples. These waves occurred at

irregular times and had a large, single-phase shift.

Config # 2, Second Data set For Freq. = 3.7 MHz, Ref-Ant. #2, ( 2/6,2/7,2/8 )
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Figure 3.7 Waves having a high amplitude spike were observed as shown in the two graphs.

3.5 Discussion

Prototypes of the SDR Earth Imaging device were constructed and tested at University of
Victoria UVic and DRAO in June 2018. In July 2018, data for this study was collected using two
perpendicular sets of four linear antennae at DRAO. A SDR method of phase imaging the waves
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existing in the surface of Earth's F ionization layer has been described and demonstrated. The
receiving antenna array worked well as a camera where each antennawas equivalent to one pixel
in the phase image; thus, the array of four antennae represented four pixels. Although severely
limited in spatial resolution, individual waves were still discernable when imaged relative to one
antenna. Two types of waves were revealed, one continuous and the other a single, randomly
occurring large spike, essentially an outlier. Their frequencies and amplitudes were measurable
even at this low resolution. In configuration 1, their wavevectors appeared to have North-South
propagation. Accurate measurement of their wavevectors requires two simultaneous
measurements from two locations using parallax, which additionally could be used to locate the
origin of the waves, the source of the disturbance, at their intersection. With the limited data
collected, the sources of the waves imaged could not be identified. The spike waves being outliers
were possibly created by lightning strikes as these experiments were conducted in July, a time
when a lot of local lightning was occurring.

The next step of this research is to acquire higher resolution phase images using more antennae
for the camera, possible at the University of New Mexico using its Long Wavelength Arrays
(LWA), i.e., the LWA-SV and LWA-1, which may enable the source of the disturbances creating

the ionosphere’s waves to be identified.

3.6 Conclusions

A SDR Earth Imaging device was constructed and demonstrated, enabling two types of waves
in the ionosphere to be imaged, one having constant frequency and amplitude and the other having
arandomly occurringspike. Thisdevice shows promise of beingable to provide information about
Earth’s ionosphere being disturbed by events that created the waves on its surface, which have yet

to be identified.
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3.9 Additional Information for Data Collection and Analysis.

It is important to note that section 3.9 was not included in the published work upon which the

rest of this chapter is based.

3.9.1 Receiver System

The receiver, which included the beamformer, and the receiver array was setup at DRAO.
Dr. Stephen Harrison and his colleagues built the multi-channel beamformer to illustrate the
phased array feeds. The reflected radio wave from the ionosphere was received by a multi-
element phase-coherent sensor, and each receiver generated a pixel in the phase image. The
beamformer had 16 physical channels that could be processed simultaneously.

When the beamformer was first connected to the receiving array, all eight antennas were
connected. It was evident that an amplifier would be needed inline on each physical channel. A
voltage was applied to the antennas to give enough signal for the receiver to have a noise level of
10 dB or less. A local AM radio station, CKOR operating at 800kHz, was the only signal
detected if the amplifiers were not used [73]. The voltage injectors were connected to give a
sufficient signal for the HF receiver. The signal represented as a waterfall showed some noise but
with a very strong carrier frequency. The signal was later doubled amplified to provide 15 dB of
gain into the ADC. Thus, the eight antennae were reduced to four antennas. Aliasing was an
issue since the beamformer did not contain analog or digital filtering. Aliasing was addressed by
providing 80 m separation filter between the antenna corresponding to the 3.5 - 4 MHz of the
carrier wave. These antennae were connected inline before the amplifiers for the reason that if
the pre-filtered signal from CKOR was amplified, the amplifiers were sent in a non-linear
direction.

A handheld GPS was used to determine the antenna positions. GPS was also used by the
transmitter and receiver for frequency synchronization.

In the diagram (Figure 2), there are two separate signal paths. The receiver path consisted of:
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Figure 3.9 Block diagram of receiver system [74].

A carrier frequency between 3.5 - 4 MHz was used because it had the best reflection off the
ionozation layers measured by an ionogram [75] as well as from prior POC experiments conducted
at the University of Victoria. The DRAO experiments were conducted during the suOmmer time
for 3 days in a row. Durations for collecting the data were chosen to take enough datasets for their

analysis. Figure 3 below illustrates the relative magnitude and phase between antenna 1 and
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antenna 5. In the figure, it is clear that the phase appears to be more coherent at lower frequencies.

The strongest signals were between 3.5 and 4 MHz.
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Figure 3.10 Relative magnitude and phase between antenna 1 and antenna 5 [74].

3.9.2 Signal-to-Noise Ratio:

To make sure the noise levels were comparable, UVic engineers, Dr. Driessen and Nick
Bruce, tested all of the antennas at UVic from the top of the engineering lab wing [74].
From the result of the DRAO experiment, it can be seen that low frequencies were dominant
because of the low sample rate (2.5 Hz). The experiment showed good reliability of the data
readings and it showed us how we could image ionospheric disturbances. These experiments

were the first to show that we could image waves existing in the ionosphere.
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3.9.2.1 Methods for Data Analysis

Several analysis methods were employed to reduce the noise in the data sets. Three specific
methods were investigated, namely the moving average filter, Gaussian filter, and the addition of
sample points as described below. The rolling average technique was utilized to analyze the noise

present in the data.\..

3.9.2.2 Method of Moving or Rolling Average

The idea of the moving or rolling average method is to compute an average of a selected set of
numbers to see how the overall trend behaves in a data set. It is a kind of filter in which one subset
moves into another subset. Moving Average Filters are used in digital signal processing because
they are simple and easy. This digital filter such as a FIR filter (Finite Impulse Response) works
to reduce random noise in the time domain, whereas in the frequency domain it is considered the
least suitable filter.

Configuration two with a frequency of 3.7 MHz was used and antenna two was used as a
reference. The rolling average method was used for seven sample points. A Fourier transform
was applied to the relative phases after using this method for antennas (2/6, 2/7, 2/8) to obtain

frequencies that appear as waves on the surface of the ionization layer.

3.9.2.3 Gaussian Filter

Gaussian Filter is defined as a window function. The window function is a continuous function
within a chosen interval, where the zero value is indicated outside of the chosen interval. The
maximum peak is in the middle of the interval. The bell curve is a symmetrical curve about the

middle of the interval line. The Gaussian function is given by

1 _l(ﬂ)Z
G(x) = —=e 2% 3. 1)

The full window (width) can be calculated by taking the full width half maximum height of

G(x) max

the curve (FWHM) = >

. Sigma describes the shape of carve and is called the Standard

Width of the Gaussian The width of the Gaussian filter is determined by the chosen sigma. Data

sets applying a Gaussian filter require a sigma value. Many sigma values are used to know how a
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Gaussian filter works with the data sets and to find the dominant peaks that match the antenna

pairs (2/6, 2/7, 2/8).

3.9.2.4 Method of Adding Sample Points

Approach of Summing Sample Points was employed to visualize the shape of the waves. In this
approach, a time window was selected for each antenna pair (2/6, 2/7, 2/8). The chosen time
interval for each antenna pair was successively added until the end of the data set. This process

involved summing all the sample points within the windows and displaying the resulting sum.
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Chapter 4 Locating Earth Disturbances Using Earth

Imager

The content of this chapter was published in the Atmospheric Remote Sensing Journal [10].
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Abstract

The Radio Wave Phase Imager uses monitoring and recording concepts, such as Software
Defined Radio (SDR), to image Earth’s atmosphere. The Long Wavelength Array (LWA), New
Mexico Observatory is considered a high-resolution camera that obtains phase information about
Earth and space disturbances; therefore, it was employed to capture radio signals reflected from
Earth’s F ionization layer. Phase information reveals and measures the properties of waves that
exist in the ionization layer. These waves represent terrestrial and solar Earth disturbances, such
as power losses from power generating and distribution stations. Two LWA locations were used
to capture the ionization layer waves, including the University of New Mexico’s Long Wavelength
Array’s LWA-1 and LWA-SV. Two locations of the measurements showed wavevector directions
of disturbances, whereas the intersection of wavevectors determined the source of the disturbance.

The research described here focused on measuring the ionization layer wave’s phase shifts,
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frequencies, and wavevectors. This novel approach is a significant contribution to determine the
source of any disturbance.
Keywords: Software Defined Radio (SDR); Long Wavelength Array (LWA); radio wave

imager; lonosphere waves; phase imaging method; earth disturbances; wave vectors.

4.1 Introduction

The terrestrial ionosphere is part of the Earth’s upper atmosphere where atoms and molecules
are ionized by incoming solar radiation. This region is divided into three layers based on ion
densities [20]. The ionosphere is the highest region of Earth’s atmosphere as it starts at about 60
km and reaches over 500 km of altitude that are divided into three layers named D, E, and F [1].
The D layer of the ionosphere is at approximately 50 to 90 km altitude. The altitude of the E layer
stretches from ~95 km to 150 km above the ground. However, the F layer is between 140 and 600
kmabove the surface ofthe Earth and is the most significantlayer because of its availability during
day and night [20]. These layers contain observable waves created by space weather events,
including solar flares, coronal mass ejections originating in sunspots, and Earth-disturbing events,
such as earthquakes, hurricanes, volcanoes, and man-made disturbances [3].

4.1.1 lonospheric Disturbances

The ionosphere is a major area of interest within the field of waves. It is the envelope of
ionization layers that surrounds the Earth, and the surfaces of these layers are not flat and are
thought to be the most sensitive Earth entity to disturbances. Waves that exist on the surface of the
Earth’s ionization layer are the primary concern of this research. It is a widely held view that
horizontal and vertical waves are created by solar, ggomagnetic, and meteorological events. A
number of researchers have reported that gravity waves, such as earthquakes and tsunamis, have
waves that affect the ionosphere [76]. Weather events, such as hurricanes and typhoons, might
produce waves on the surface of ionization layers [6—8]. One observer has already drawn attention
to the waves associated with meteorological events, such as hurricanes [77]. Finally, waves may
be created by other atmosphere-disturbing events, including volcanoes, forest fires, and lightning.
events [3], [78]. Rishbeth found some evidence that the majority of the waves on the surface of

the ionization layer were induced by meteorological events [3].
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Dungey explored the dynamics of the magnetosphere system while interacting with solar wind
plasma carrying a southward interplanetary magnetic field. The model discussed in this study
clearly illustrated the link between auroras and neutral points in the magnetic field [79].

A geomagnetic storm occurred on 17 March 2015 above Millstone Hill (42.6°N, 71.5°W, 72°
dip angle) that revealed different phenomenafrom prior ones based on relationships between total
electron content (TEC), the highest density in the F2 region (NmF2), electron temperature, and
vertical ion velocity by employing data collected from satellites that operated at various altitudes
and ground-based devices. The topside ionosphere had a significant plasma density increase,
although it was not close to the F2 peak. The authors interpreted that the electrons’ ability to
transport heat was considerably reduced due to the exceptionally low ionospheric densities below
the F2 peak. Therefore, the heat was trapped in the topside with a heat source above. As a result,
the topside scale height raised even though electron concentrations in the F2 peak reduced, and
TEC grew in the SED (storm-enhanced density). An increase in the density of molecular neutrals
that led to recombination was most likely what reduced the amount of NmF2 [80].

The Thermosphere lonosphere Electrodynamics General Circulation Model (TIEGCM)
included an empirical representation of subauroral polarization streams (SAPS). The global
thermosphere and ionosphere were simulated by the SAPS-driven TIEGCM during a moderately
geomagnetically active time for five days (329 to 333) in 2008. The thermosphere’s overall
temperature rose as a result of SAPS and increased with time, but the subauroral and auroral zones
showed a higher increase in neutral temperature; additionally, at higher elevations, neutral
temperature and wind reactionsto SAPS were more substantial and showed seasonal/hemispheric
asymmetry. Wang et al. mentioned that significant variations in thermospheric winds were caused
by a strong ion drag impactin the subauroral SAPS channel in the SAPS-driven TIEGCM. Finally,
theirreportalso indicates thatthe composition of the thermospherechanged due to heat from SAPS
thatcaused airrich in moleculesto rise in the subauroral and auroral areas and fall in other latitudes
[81].

A research investigation that utilized incoherent scatter radars at Millstone Hill (MHO),
Arecibo (AO), and the Defense Meteorological Satellite Program’s (DSMP) in situ topside
ionospheric data concentrated on ion-neutral coupling processeslinked with strong electrodynamic
forces. A variety of ionospheric and thermospheric disturbance features were noted and compiled

throughout the storm, especially in the afternoon and dusk sectors over North America [82].
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A study of the impact of solar flares on magnetospheric dynamics and the electrodynamic
interaction between the magnetosphere and ionization layers was conducted using an entire
geospace model in conjunctionwith observational data from the 6 September2017 X9.3solar flare
event. The study supported the idea that solar flare impacts do not only affect the atmosphere
where radiation energy is absorbed. They also propagate across geospace via the electrodynamic
connection [83].

Extreme perturbations in the equatorial ionosphere caused by the 15 January 2022 eruption of
the Tonga volcano created waves traveling from the ocean surface to the whole atmosphere for
more than 12 h. This occurrence offered a research opportunity to increase knowledge of local and
global ionospheric responses caused by volcanoes. Many investigations were reported about
ionospheric perturbations following the eruption. Aa et al. [84] used Global Navigation Satellite
System total electron content data, Global-scale Observations of the Limb and Disk ultraviolet
images, lonospheric Connection Explorer wind data, andionosonde data to study variations in EIA
crests accompanying the ionosphere to show waves traveling for more than 10 h over a distance
14,000 km away from the Epicenter [84]. Zhang et al. (2022) noticed worldwide propagation of
Lamb waves that affected the ionosphere for days. lonospheric waves (disturbances) were seen to
circle the world three times. According to Zhang et al. (2022), the waves left Tonga every 1.5 days
[85]. Aa et al. (2022) [84] and Harding et al. (2022) [86] discovered that powerful horizontal
neutral wind perturbations caused by volcanic eruptions might significantly alter the equatorial
electric field. Themens et al. described that the eruption caused large ionospheric disturbances and
a number of subsequent medium ionospheric disturbances. The initial observations of these
ionospheric waves started traveling at about 950 m/s propagating thousands away from the

eruption site [87].

4.1.2 lonospheric Response to Man-Made Disturbances

Researchers have been looking at the link between human-caused Earth disturbances and their
impacts on the ionosphere since the 1960s. Studies showed that the ionosphere’s response to man-
made disturbances, including explosions, rocket launches, missile launches [88], power line
emission (PLE), and power line harmonic radiation (PLHR) [89], arrive as acoustic and gravity
waves in the ionization layers. Blecki, Rothkaehl, and his colleagues looked at some aspects that

influence satellite telecommunications quality. They reported that power sources, such as
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broadcasting transmitters, power stations, power lines, and heavy industries, formed a very low-
frequency emissions range in the Earth plasma environment [70].

A recent study is also worth mentioning because its technique involved studying an isodensity
in the lower E area using about 2 and 3 MHz pulsed Doppler radar and three receivers that
measured the phase and amplitude and showed waves exiting on/in the ionosphere caused by two
1-ton TNT equivalent explosions. The output of small-size explosions around three orders of
magnitude produced infrasound waves that reached the ionosphere. This is the first proof that

explosions of this size had apparent effects on the lower ionosphere [90].

4.1.3 lonospheric Response Space Weather Disturbances

Studies of space weather events related to ionospheric disturbances continue to be important
because they could help better understand the relationship between Earth and space disturbances.
For example, a geomagnetic storm caused by solar wind determines strong disturbances of the
magnetosphere—ionosphere—thermosphere system. The atmosphere’s composition changes as a
result of the heating [91], [92]. Fuller-Rowell et al. demonstrated how the upper atmosphere reacts
to geomagnetic storms starting at a different universal time. The high temperature of the upper
thermosphere causing by Joule heating made a large-scale wind surge which resembles a gravity
wave that spread to low latitudes [92]. Another study reported that Intense geomagnetic storms
significantly impact ionospheric electrodynamics due to the interplanetary electric field
penetrating the lower ionosphere [91],[93].

Another type of disturbance in space is a Transient Luminous Event (TLE). These events are
the phenomena of lightning that can occasionally be observed in the upper atmosphere at altitudes
ranging from tens to hundreds of kilometers or they can occur above a thunderstorm. We expect
these types of disturbances to be a spike and not continuous waves and to be outliers as they are
swifteventsthathappen quickly. Many theories have beensuggested regarding TLE creation. Still,
the most commonly recognized concept is that elves are mainly created by electromagnetic pulses
(EMPs) from lightning strikes. Additionally, sprites and halos are caused by quasi-static fields
(QEs) from lightning strikesas well [94]. Accordingto TLE energy estimates, the strength of these
events can reach up to 0.01 W/m2, which is large compared to the value of about 0.001 W/m?2 that

occurs during some space weather disturbing events [94].
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Theaim of thisstudy is to determine the location of the source of ionospheric disturbances from
the intersection of wavevectors of waves existing in/on the ionosphere (or the F-layer). The

intersection of wavevectors indicates the source of the disturbance.

4.2 Materials and Methods
4.2.1 SDR Experimental Method

The SDR Earth Imager collects data from the ionosphere by sending radio signals up into the
atmosphere at a near-vertical incidence from the Earth’s surface. These radio waves reflect off the
ionosphere and return to Earth’s surface, where they are imaged using an antenna array camera
(Figure 4.1).

lonospheric Information
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Figure 4.1 . A transmitter transmitted a carrier radio wave from the Earth, and the carrier radio
wave was reflected off the ionosphere captured by receiving antenna arrays.

The phase of the carrier wave was measured using the hardware method. This method uses the
quadrature to measure the phase difference between the emitted and received waves. The phase

shifts within the phase images show the presence of the waves on/inthe ionization layer. The phase
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shiftwas determined usingthe relative phase difference between each pair of antennasatone time.
The absolute phase at each antenna could be measured if the transmitter and all the antennae were
synchronized.
The phase difference, Ag, is determined based on the difference in the path length of the radio
wave (L) propagating from the transmitter to each receiver in the array, which is expressed as
Ap =2m (%) =2nf (A—CL> (4.1)

Where f is the frequency, 4 is the wavelength, and c is the speed of light.

4.2.1.1 LWA-SV and LWA-1 Description of New Mexico

Experiments

Datasets were captured at the Long Wavelength Array (LWA)-SV station at the Sevilleta
National Wildlife Refuge 34.35°N, 106.89°W [72] LWA-1 station. The LWA-SV and LWA-1
(University Radio Observatory) in central New Mexico captured radio wave frequencies from 3
MHz to 88 MHz, and each array consisted of 256 pairs of dipole-type antennas, while each pair of
antennas had orthogonal polarizations on one stand. Antennas of the LWA-SV were arranged in a
110 m by 100 m north—south area distributed in about 100 m of aperture, as seen in Figure 4.2
[72]. Array geometry of the LWA-1 was within a 100 m (east-west) x 110 m (north—south)
elliptical shape, as illustrated in Figure 4.3 [95]. It was designed to produce high-sensitivity, high-
resolution images operating over awide range of frequencies [96]. Both radio telescope arrays had
a minimum of 5 m of separation between the antennas, which allowed for easy access of elements
formaintenance purposesand also decreased beamdesensitizationbecause of sky noise correlation
[97]. They received a carrier wave after reflection off the ionosphere from a transmitter placed in
Santa Fe and transmitted radio waves with frequencies between 3 and 7 MHz. However, only one
dataset (5.357 MHz) was analyzed as it had an obvious carrier wave. Transmitter and receiver
locations, sent signal, and data specifications utilized during the LWA-SV and LWA-1
experiments are illustrated in Tables 4.1 and 4.2 below.

The distance between the Santa Fe transmitterand WA-SV is about 171 km, whereas the LWA-
1 station is about 235 km away from the transmitter. The separation between the two stations—
LWAL and LWA-SV—is around 75 km, as shown in Figure 4.4 [95].
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Figure 4.2 Antenna locations of LWA—SV which show the position of each antenna as a red

circle in x and y direction.
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Table 4.1 Transmitter signal and data set specifications used during the LWA-SV experiment.

Santa Fe Transmitter (35.71144°N, 106.0084°W)

Date and Time UT 01 August 2021, 20:29:30
Transmitted Frequency 5.3570 MHz
Mode-Send CW Tone (Continuous Wave)
Receiver LWA-SV (34.348°N, 106.886°W)
Center Frequency 5.33999 MHz
Polarization Zero
Date and Time of First Frame 8 January 2021, 20:29:20
Sample Rate 100,000 Hz
Recorded Time 1765.895 s

Table 2.

Table 4.2 Transmitter signal and data set specifications used during the LWA-1 experiment.

Santa Fe transmitter (35.71144°N, 106.0084°W)

Date and Time UT 01 August 2021, 17:57:32
Transmitted Frequency 5.3570 MHz

Mode-Send CW Tone (Continuous Wave)
Receiver LWA-1 (34.069°N, 107.628°W)

Center Frequency 5.33999 MHz

Polarization Zero

Date and Time of First Frame 8 January 2021, 18:00:00
Sample Rate 100,000 Hz

Recorded Time 1731.281 s
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Figure 4.4 The distance between the transmitter and both LWA stations as well as the distance

between LWA—1land LWA-SV.

4.3 Results

4.3.1 LWA-1 and LWA-SV Experimental Results

The LWA Software Library (LSL) was created to manage the specific data formats produced
by LWA-1 and LWA-SV and to make them available for basic analysis tools [98]. A total of about
28 min of each data (LWA-1 and LWA-SV) using a sampling frequency of 100 kHz was obtained

by digitally acquiring more than three giga-samples in total. After the initial analysis step, data

were found to be consistent throughout the recording time after pre-conditioning (channel

selection, noise reduction, etc.). The calculated wavevector (LWA-SV) remained pointed in a

north—south direction around 90% of the time, which was in agreement with the physical locations

of the transmitter and the receiver array. However, the wavevector for the LWA-1 signals pointed
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northeast—southwest between 30 to 65 degrees 70% of the time, which showed the effects of the
ionospheric disturbances that occurred during the recording time.

The first step of the data analysis was to represent the data as a waterfall plot. Figure 4.5 shows
a visual illustration of the transmitted signal strength represented by colors over time and varies
with the spectrum of frequencies used to look at the carrier wave extracted from the frequency

range.
Collected Data on 2021-01-08-LLWA-SV
‘Window Size 2048 Samples with Overlapping 50%
5.3573
5.3571 ]Carrier frequency 5.357 MHz—
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Figure 4.5 A waterfall plot of LWA-SV antenna representing a carrier wave across a
frequency range. The color indicates its amplitude demonstrated over time and zooms in for
antenna one.

4.3.1.1 Carrier Frequency

The carrier frequency (5.357 MHz) worked only as a carrier wave to carry wave information of
waves existing in/on the ionosphere to the antenna array. The carrier radio wave propagated
through the atmosphere and reflected off the ionization layers. The receiving antennas received
the reflected waves at different paths depending on the antenna position. The hardware method

used a quadrature to measure the phase of the emitted and received waves to determine their phase
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difference. The difference in phase of the transmitted and received radio waves was a measure of

the phase shift.

4.3.1.2 Relative Unwrapped Phase

The time difference image was unwrapped, and its relative phase values were determined by
taking an antenna close to the center of the LWA-1 and LWA-SV arrays. The relative phase image
removed the absolute phase shift that resulted from the tilted carrier wave. Figures 6 and 7 show
examples of relative unwrapped phase images taken from LWA-1 and LWA-SV during three
seconds of collection time. Antenna number 10 is used as a reference for LWA-1 in Figure 4.6.

Antenna number 134 is used as a reference for LWA-SV in Figure 4.7.

LWA-1 Antenna Reference #10

=~ 091 —Antennas 10 - 1
o 55.01

Q5251

‘;" 50.0 |

= 4501 ! : : : J
= 0.0 0.5 1.0 15 2.0 25 3.0
- }32 — Antennas 10 - 20
i

=3

z 124

= 17! : 1 . . - - . J
= 00 0.5 1.0 1.5 2.0 25 30
4 2 ~Antennas 10 - 120
= 551

= 60/

& —65

0.0 0.5 1.0 2.0 2.5 3.0

1.5
Time (s)

Figure 4.6 The plot displays an example of the relative unwrapped phases versus time in 3 s
for LWA-1.
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Figure 4.7 The graphic shows an example of relative unwrapped phases vs. time in 3 s for
LWA-SV.

4.3.1.3 Spatial Phase Image

The area of antennalocations in the x-direction and y-direction represents phase image using a
relative unwrapped phase, as shown in Figure 4.8. The color of the phase image represents the size
of the phase shiftusingunwrappedangles. The positive side illustrates the top of the wave, whereas
the negative side shows the bottom side of the wave. The heightof awave represents the amplitude
that could be positive or negative. The imaging processing of the relative unwrapped phase was
done using a mesh used on the antenna positions and divided into several rectangular shapes. The
area (dx x dy) of each cell was around 6 m2, as depicted in Figure 4.9. Each stand had only one
relative unwrapped phase, and the pixels outside the image were zero. The parameters were the
center frequency 5.334999 MHz and carrier bin 5.351500 MHz with a sample rate of 100 kHz.
The relative unwrapped phases were calculated by taking the stand number 134 of LWA-SV and
10 of LWA-1 as a reference, which was located close to the center of the antenna locations.
Polarization zero was chosen as cross-polarizations were provided in the dataset.
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Figure 4.8 Phase image of antenna locations applying the relative unwrapped phase.
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Figure 4.9 Phase image of antenna locations divided into many cells that contain the relative
unwrapped phase and the applied Fourier space method mesh.

A 2D Fourier transformed over the space domain was appliedto the relative phase image, f(x,y),
to obtain a complex Fourier image, F(u,v) in the spatial frequency domain for each time of data
collection,

F(u,v) = f f f(x,y)e72mwxvy) dxdy (4.2)

Where u and v are the spatial frequencies,
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F(u,v) = Fre(u,v) + jEm (W, v) (4.3)
|F(u, v)| = JEZ (u,v) + F2, (w,v),) (4.4)

Fm (u,v)

¢(u,v) =tan~1 m

(4.5)

And where |F(u, v)| and ¢ (u,v) are the amplitude and phase distributions of the spatial
spectrum given by F(u,v). A 2D Fourier image depicted this symmetry criterion graphically as a

succession of symmetric points in the u and v plane, as shown in Figure 4.10.

(—u,v) (0, v) (e,v)
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Figure 4.10 Fourier image showing symmetry in two dimensions.

4.3.2 Analysis

The datasets were collected using two locations of receiving antenna array on 8 January 2021.
The first frame of LWA-SV started recording at 20:29:20, whereas the first frame of LWA-1 was
at 18:00:00. Both datasets lasted around 28 min.

4.3.2.1 Analysis of LWA-SV Spatial Frequency Result

The 2D Fourier image showed many frequency peaks or approximately 170 peaks, as shown in
Figure 11a,c. Each peak represented a set of waves on the ionosphere with its own amplitude,
frequency, and wave vector. One pair of peaks located close to the origin had a frequency of 0.06
cycles/m and a wavelength of 16.667 m, which was the largest peak and was studied the most for
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its possible location of creation. It had a wave vector that sometimes pointed north—south and
sometimes slightly tilted from this direction, as shown in Figure 4.11. Different time sequences
were tested to check the direction of the wavevectors. As a result, the wavevector maintained
pointing around 90% of time in a north-south direction, and 10% of time was tilted in a westward

direction.

Time = 1.11616 seconds, Carrier freq. = 5.357
File:‘)0§9222_0007I8776, Center freq. = 5.340 MHz

0.2
—
E
= 0
N
~ > 0.060 cycles/m
-0.2
-0.4
-04 -0.2 0 0.2 0.4
u(1/m)
(a)

2 W Wave num. : 0.060 cycles/m
5 . . Wavelength : 16.667 m

= ~ w Wave Direction . Power : ~ 85 dB
= Angle : 0 ? from

North direction

~100 m

(b)

77



Time = 1.11616 seconds, Carrier freq. = 5.357 MHz
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Figure 4.11 (a) A Fourier image of LWA—SV that shows many
peaks which represent sets of detected waves. The the strongest
(yellow circle) has 0.06 cycles/m, and the wavevector (yellow arrows)
pointing north—south. (b) The inverse Fourier transform (IFT) of (a)
revealing the north—south waves. (c) A similar set of waves pointing
north—south tilt in a westward direction. (d) The IFT of (c) revealing
the tilted waves.

The 2D Fourier images of LWA-SV displayed many spatial frequency peaks (around 170 on
one side). The Fourier image shows symmetry sides representing many sets of waves on the

ionosphere, as shown in Figure 4.11.



4.3.2.2Analysis of LWA-1 Spatial Frequency Results

A 2D Fourier transform space domain was also applied to a relative phase image for LWA-1 to
obtain Fourier images for each time of data collection.

The Fourier image reveals symmetrical sides representing numerous sets of waves on the
ionosphere, andthe 2D Fourier images of LWA-SV exhibited several spatial frequency peaks of
about 170 on one side, Figures 4.12-4.14.

The LWA-1 phase image showed corresponding waves to those seen by LWA-SV. The main
Fourier peak was 0.06 cycles/m and was like LWA-SV’s but had a northeast—southwest
wavevector instead of a north—south one. The 0.06 cycles/m wave was the largest and strongest

peak on both sets of data and was studied the most due to its possible location of creation.
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Figure 4.12 A Fourier image demonstrating the wave direction (0.06 cycles/m) (yellow
circle) of LWA-1 pointing northeast—southwest with an angle about 30 degrees from the
north—south direction. (b) IFT of the spatial frequency with its wave vector.
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Figure 4.13 (a) A Fourier image of LWA-1 data with 0.06 cycles/m displaying a northeast—
southwest wave vector direction of ~45 degrees eastward from the north—south direction. (b)
Its IFT reveals the set of waves and its wave vector.
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Figure 4.14 (a) A Fourier image demonstrating the wave direction (0.06 cycles/m) of LWA-
1 with angles about 60 degrees eastward (northeast—southwest) from the north—south direction
as well as its IFT in (b).

4.3.2.3 Intersection of 0.06 cycle/m Wave Vectors from
LWA-SV and LWA-1

There are two places on the surface of the ionosphere reflecting the carrier radio wave. They lie
mid-way between Santa Fe and LWA-SV and LWA-1, as shown in Figure 4.15. Each place had
its own set of waves. Their Fourier images nicely revealed the intersection points of their
wavevectors that represented the location of the source that created the waves. Possible local wave
sources were Albuquerque and its nearby power-generating stations. The two sets of data showed
arange of vectors in the LWA-1 Fourier image from around 25 to 60 degrees and fromaround (0
to 13 degrees) in the LWA-SV image. As a result, the intersection points covered a swath of area

between Albuquerque and the power stations.
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Figure 4.15 Measured wavevectors at mid-way points (red dots) between Santa Fe and LWA -
1 and LWA-SV showing their intersections around Albuquerque and local power generating
stations.

4.4 Discussion of LWA-SV and LWA-1 Results

The receiving antenna arrays functioned well as cameras where each antenna represented one
pixel in the phase image. Hence, the 256 antennasin the array represented 256 pixels in the phase
image. The same carrier wave was transmitted; however, there was a short time difference in
collecting the raw dataset between the two LWA(s). Their 2D Fourier images showed the same
spatial frequency peaks, although not all peaks were similar. The results of the 0.06 cycles/m were
the same in terms of their amplitudes, but their wave vectors were different. The wave vectors
were different because the direction of the source of the waves was different, i.e., Albuquergue.
Albuquerque essentially acted as a point source of disturbance as its waves emanated radially 360
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degreesoutward. Thus, LWA-1and LWA-SV saw differentwave vectorsof the same set of waves.
Triangulation using the two sets of wave vectors was used to find the source of the disturbance.

Fourier image analysis showed the presence of ~170 sets of waves that were likely created by
both space and Earth disturbing events. There has been some previous research showing a link
between man-made Earth disturbing events and ionosphere responses. Such events like these
generate waves that have a clear impact on the ionosphere. For example, waves on the ionization
layer have been known from ionosondes [2]. This SDR Atmosphere imager has been shown to
provide new information, such as the presence of numerous sets of waves with different
amplitudes, frequencies, and wave vectors.

Only one set was studied for its possible location of creation, i.e., the strongest peak had a
spatial frequency of 0.06 cycles/m with a wavelength of 16.67 m/cycle. The wavevector of this set
of waves at LWA-SV and LWA-1 were the same, and both often pointed in the north—south
direction and sometimes slightly tilted off this direction. Based on triangulation of the
wavevectors, the location of the possible disturbances that created this set of waves was from the
local power generating stations and possibly the grid of their transmission lines around
Albuquerque, which is considered a main consumer of power. Time measurements overa 1 s and
3 s period of the 0.06 cycles/m peak had a frequency of 30 Hz. A frequency of 30 Hz could have
resulted from the resonances of the 60 Hz in-phase currentbeing transmitted within the power grid
around Albuquerque. Several power generators supply Albuguerque andare spatially close to each
other; therefore, it is possible that their interference can produce the frequency of 30 Hz found in

the measurement.

4.5 Conclusions

The SDR Earth Imager enabled imaging of the Earth’s ionosphere layer. The wave vector of
one set of waves—the strongest with 0.06 cycles/m—was followed in time at both LWA-SV and
LWA-1 stations. The most likely sources for this set of waves are the local power generating
stations and power usage in Albuquerque, which is a primary consumer of power.

Further investigations are warranted to determine which wave vectors relate to the power of
ionospheric waves and local disturbances, such as the power generating stations around

Albuquerque.
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Chapter 5 Measuring Power of Earth Disturbance
Using Radio Wave Phase Imager

This chapter is based on a publication in the Journal of Imaging under manuscript number [11].
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Abstract

Numerous studies have investigated ionospheric waves, also known as ionospheric
disturbances. Thesedisturbances exhibitcomplexwave patterns similar to those produced by solar,
geomagnetic, and meteorological disturbances andhuman activities within the Earth’s atmosphere.
The radio wave phase imager described herein measuresthe power of the ionospheric waves using
their phase shiftseen in phase images produced by the LongWavelength Array (LWA) at the New
Mexico Observatory, a high-resolution radio camera. Software-defined radio (SDR) was used for
processing the data to produce an amplitude image and phase image. The phase image revealed
the ionospheric waves, whereasthe amplitude image could not see them. From the phase image
produced fromthe carrier wave received atthe LWA, the properties of the ionospheric waveshave
been previously characterized in terms of their energy and wave vector. In this study, their power
was measured directly from the phase shift of the strongest set of ionospheric waves. The power
of these waves, which originated at Albuquerque, the local major power consumer, was 15.3 W,
producing a power density of 0.018 W/m2. The calculated power density that should be generated
from the local power generating stations around Albuquerque wasalso 0.018 W/m2, in agreement
with the experimen-tally measured value. This correspondence shows that the power generated by

power stations and being consumed is not lost but captured by the ionosphere.

Keywords: software-defined radio; radio wave imager; ionospheric waves; phase imaging

method with wavevectors; power stations; transmission line losses.
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5.1 Introduction— Earth’s Ionosphere Response to Waves

Changes in the ionosphere, the uppermost part of the Earth’s atmosphere, are known as
ionospheric disturbances. These disturbances, often referred to as ionospheric waves, can be
triggered by a diverse range of natural phenomena, including solar flares, ge omagnetic storms,
meteor impacts, lightning, volcanic eruptions, and earthquakes, as well as man-made disturbances,
such as explosions and electricity generated and transported of power stations [3], [99], [100],
[101]. Travelingionospheric disturbances (TIDs) are generated by atmospheric waves that travel
across the ionosphere region. Scientists have employed various techniques to identify and analyze
these disturbances to better comprehend the mechanics of wave propagation and the geophysical
causes of TIDs. Therefore, TIDs have been detected for years using ground -based observations,
namely, radio techniques, such asionosondes, incoherentscatter radars, and High-Frequency (HF)
Doppler sounders [102], [103], [104], [105], [106]. More recently, GPS total electron content
(TEC) has been used to create 2D images of TIDs in places like Japan [107],[108] and the United
States [109]. Understanding TIDs is critical to improving our ability to anticipate and mitigate
their impact on our technology and environment.

TIDs are disruptions in the number of electrons in the ionosphere caused by a disturbance in
atmospheric gravity waves (AGWSs). These waves collide with neutral particles traveling through
the thermosphere and ionosphere. The resulting movement of the neutral gas sets the ionosphere
in motion, causing variations in electron density.

The characteristics of TIDs are influenced by factors such as their origin, the conditions of their
spread, damping, and the extentto which they are reduced over time. Therefore, predicting TID
periods, amplitudes, speeds, and directions at a given location remains challenging because of the
complex nature of TIDs and the lack of comprehensive observational data [110].

Several articles have mentioned techniques for identifying traveling ionospheric TIDs [1], [9],
[111], [112], [113]; still, additional observations are needed to fully understand the physics of
wave propagation and geophysical source phenomenology. However, in more detail, these articles
study physical events, such as the tsunami associated with the Tohoku earthquake that occurred
on 11 March 2011, which was examined using data on total electron content (TEC) from around
4000 GPS devices dispersed across the continental United States. This work proved that the
accompanying TIDs were detected during the tsunami, which traveled across the Pacific Ocean to

Japan’s west coast for several hours. The researchers computed different TID properties,

86



including horizontal wavelength, velocity,and duration. A two-dimensional representationof TEC
disturbances was made possible using this network of GPS receivers [114].

The characteristics and behavior of ionospheric waves have been the subject of research. For
instance, Hunsucker and Hargreaves thoroughly explain ionospheric waves, including how they
are created, spread, and affectthe ionosphere. They reviewed several ionospheric wave types, such
as gravity, acoustic, and plasmawaves, and explained how they interact with the ionosphere [115].

AGWs are atmospheric waves that occur when air density and pressure are disturbed by wind,
heat, or terrain. When gravity restores equilibrium, the waves propagate to bring the atmosphere
back to balance after it has been disrupted by the external force. These waves, generally described
as buoyancy waves, may significantly alter the weather and environment [116], [117], [118].

Other natural disasters, including earthquakes, have generated waves affecting the ionosphere.
In 2016, the authors of [47] conducted a study on the Nepal earthquake of 25 April 2015, using
GPS technology to measure changes in the ionosphere. They found that the earthquake caused
seismic-traveling ionospheric disturbances (STIDs) propagating at 2.4 km/s horizontally.

Another study by Harrison observed a correlation between the responses of the lower
ionosphere and seismic activity in the region prior to an earthquake [43].

The generation of waves on the ionosphere and magnetosphere by power line emission (PLE)
and power line harmonic radiation (PLHR) is a subject of growing concern due to their potentially
harmful effects [9], [54], [62], [63], [64], [65].

In more recent experimental investigations, ionosphere wave sources have been traced back to
the vicinity of local power generating stations [10]. The primary site of power consumption was
identified as Albuquerque, New Mexico. The success of this endeavor could be attributed to the
novel measurement technique employed, which used a wavevector analysis of the ionosphere
waves detected at two distinct locations, LWA1 and LWA-SV.

The study reported here introduces a novel approach for measuring the power of waves in the
ionosphere and investigates their frequency characteristics, representing the first instance of such
measurements. This report involves using a terrestrial radio-wave transmitter to illuminate the
ionosphere and measure the power of its ionospheric waves. The radio waves were transmitted
from the ground and reflected back to a two-dimensional array of passive receivers/antennas,
allowing for the relative phase imaging of the ionosphere waves and revealing their temporal and

spatial evolution. This study used Fourier analysis to determine the power, energy, and location of
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the ionosphere wave generation based on amplitude, frequency, and wavevectors. Furthermore,
this study explored the possibility of a correlation between ionosphere waves and local Earth

disturbances, such as power generating stations.

5.1.1 Response of the lonospheric System to Man-Made

Disturbances

The impact of power line emission (PLE) and power line harmonic radiation (PLHR) on the
ionosphere and magnetosphere have been a growing concern. Since the 1970s, many publications
have reported on PLHR and PLE monitoring on the ionosphere PLHR is a type o f electromagnetic
wave at harmonic frequencies of 50 or 60 Hz, observed in the ionosphere (radiated) and caused by
electric power systems on Earth’s surface. PLE refers to a form of emission that occurs at
frequencies of 50 or 60 Hz. Because their frequencies are in good accord with comparable ground
power system frequencies, PLHR and PLE are thought to be connected to ground electric power
systems [10, 11]. Other investigations have shown that increased electron precipitation and
changes in the ionosphere and magnetospheric currents may result from the penetration of PLHR
into the lower ionosphere, potentially impacting thunderstorm activity [62], [63], [64], [65]. Some
of the artificial disturbances in the ionosphere were PLE and PLHR. These articles considered
PLHR as a type of pollution originating from the power system [119], [120]. In 1975, The
pioneering work of [121], [122] revealed that very low—frequency (VLF) line radiation existing in
the Earth’s magnetosphere has a frequency close to 60 Hz. It was proposed thatharmonic radiation
from the Canadian power grid penetrates a whistler duct in the magnetosphere. Luette et al. in
1977 showed that PLHR had the ability to stimulate the strongest waves on the magnetosphere
[123]. In 1979, Park and Miller studied magnetospheric wave intensity between 2 to 4 kHz [124].
They identified that the chorus (discrete narrowband emissions) activity indicated a noticeable
minimum on Sundays compared to the rest of the week because of low electrical power usage.
Other researchers, specifically Matthews and Yearby in 1981 [122], found that the characteristics
of VLF line radiation of magnetospheric waves detected at one location, Halley (75.5674° S,
25.5165° W) British Overseas Territory), were usually equivalent to the PLHR observed atanother
location, Siple (75.916667° S, 83.916667° W). The analysis of these events employing the time—

frequency spectrogram of the electric field strength revealed numerous parallel horizontal spectral
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lines separated by 50 Hz/100 Hz or 60 Hz/120 Hz, equivalent to the local terrestrial power system’s
working frequency. Another study [70] showed that broadcast transmitters, electric power plants,
and their associated power line transmission losses, as well as electric power losses in heavy
industries, are all potential sources of ionosphere disturbances that may generate ionosphere
waves.

In other research, the characteristics and connections between the two types of radiation were
investigated using DEMETER satellite data to identify PLHR and PLE events in the ionosphere
above China [54]. The electric field power density time—frequency spectrograms displaced
128PLHR events with the 50 Hz spectral line frequency. They were very closely connected to the
frequency of the ground power grid [54].

More recent experiments found the sources of the ionosphere waves to be local power
generating stations, and the primary place of power consumption was Albuquerque, NM. This
capability was enabled by the measurement of the wavevectors of the ionosphere wav es made
possible by the detection of the waves from two locations, LWA1 and LWA -SV [10].

The study reported here involvesilluminating the ionosphere with radio waves from a terrestrial
radio-wave transmitter and builds upon the previously reported capability of using this device to
measure the ionosphere waves’ wavevectors. The radio waves terrestrially transmitted were
reflected back from the ionosphere to the ground and were captured by a two-dimensional array
of passive receivers/antennae. From the time-tagged received signals at each receiver, the
ionosphere waves could be relative phase imaged, revealing their spatial and temporal evolution.
From a Fourier analysis of the ionosphere waves’ phase image, which contained sets of phase
shifts, frequencies, and wavevectors, properties of the strongest set of waves, such as the power,
energy, and location of generation of the ionosphere waves, were determined. A possible
relationship between the waves of the ionization layer and man-made local Earth disturbances,
namely local power generating stations, is suggested by matching the measured power to the

calculated power.

89



5.2 Materials and Methods
5.2.1 SDR Experimental Method

Through the transmission of radio signals almost vertically from the Earth’s surface, the SDR
Earth Imager effectively acquires significant data from the ionosphere. Following their interaction
with the ionosphere, these signals make their way back to the Earth’s surface. Throughout this
involved procedure, the antenna array camera diligently captures and records these signals,
enabling the creation of amplitude and phase imager. Of particular interest, the phase imagery
reveals the presence of a phase shift, represented as A, which indicates the variation in the path
length (L) that the radio wave has traversed.

Ap =21 (AL/))=2m f (AL/c) (5.1)
where c represents the speed of light, A denotes the wavelength, and the frepresents the frequency
of'the carrier wave. The phase shift indicates the disparity in the path length covered by the radio
wave traveling from the transmitter to the antenna array detector. This phase shift holds
significance as it aids in assessing the strength or power of the ionospheric wave.

Data were collected attwo distinctlocations in New Mexico, LWA -1 and LWA-SV. One dataset
was collected at the Long Wavelength Array (LWA)-SV station at the Sevilleta National Wildlife
Refuge in central New Mexico [72]. The other set of data was obtained using the LWA-1 radio
telescope array, which is positioned in northern New Mexico and has a diameter of 100 m. This

radio telescope array is associated with the University Radio Observatory [95].

5.2.1.1 Transmitter and Dataset Collection

The The transmitter was placed in Santa Fe and transmitted radio waves with frequencies of
5.3570 MHz on 8 January 2021, as shown in Table 1.
Table 5.1 Transmitter signal and data set specifications were used during the LWA experiment.
Santa Fe Transmitter (35.71144° N, 106.0084° W)

Date and Time UT 8 January 2021, 20:29:30
Transmitted Frequency 5.3570 MHz
Mode -Send CW Tone (Continuous Wave)
Receiver LWA-SV (34.348° N, 106.886° W)
Center Frequency 5.33999 MHz
Polarization Zero
Date and Time of First Frame 8 January 2021, 20:29:20
Sample Rate 100,000 Hz
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Recorded Time 1765.895 s
Receiver LWA-1 (34.069° N, 107.628° W)

Center Frequency 5.33999 MHz
Polarization Zero
Date and Time of First Frame 8 January 2021, 18:00:00
Sample Rate: 100,000 Hz
Recorded Time 1731.281 s

5.2.1.2 Receivers and Transmitter Distances

The LWA-SV and the Santa Fe transmitter are separated by around 171 and 235 km,
respectively, fromthe LWA-1 station. Figure 1 visually represents the approximate 75 km between
the two stations, LWA1 and LWA-SV [95].
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Figure 5.1 The distance between the transmitter of the carrier wave in Santa Fe and the two
receiver arrays at the LWA stations, LWA1 and LWA-SV, as well as the distance between the
two stations.

5.2.1.3 LWA-1 and LWA-SV Experimental Approach

The LWA Software Library (LSL) was built to manage the LWA-1 and LWA-SV data formats
and make them accessible to basic analytic tools [98]. The carrier wave was extracted from the
frequency range employing a short-time Fourier transform (STFT). For the LWA-SV and LWA-1
data, the relative unwrapped phase difference of the antenna reference of this channel was

computed.
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5.2.2 Amplitude and Phase Images from Antenna Array Receiver

An amplitude image produced from the carrier radio wave does not display any wave
information, as shown in Figures 2—4. The plot in Figure 2 shows the absolute values of real
numbers and the amplitude image obtained from performing spectrogram analysis on the raw
antenna data. Specifically, the plot is based on selecting the transmitted carrier bin from 256

antennas.
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Figure 5.2 An amplitude image produced from the amplitude signals received at each antenna
location.
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LWA-SV, using amplitude
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Figure 5.3 Three plots displaying the amplitude signals received versus time over a 3 s period at
three antennas, respectively.
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Figure 5.4 The Fourier image of the amplitude image in Figure 2, which does not reveal any
strong set of waves.

The phase difference between the signals received at each individual antenna in the array is the phase

shift. Since each antenna contributes one phase measurement, the antenna array works as a camera to
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produce a phase image, which reveals the waves within the ionosphere. The phase shift is directly

proportional to the amplitude of the ionospheric waves.

5.2.3 Spatial Phase Image

The antenna placements in the x- and y-directions are depicted in Figure 5. By using unwrapped
angles, the figure uses color to show the size of the periodic phase shifts. The wave’s peak is
illustrated on the positive side, while the bottom is depicted on the negative side. The size of the
phase measures the amplitude of a wave in meters. The relative unwrapped phase image is
distributed on a mesh based on antenna placements and split into a variety of rectangular forms.

Each has a surface area of roughly 6 m? (dxxdy), as shown in Figure 5.

Time = 0.010240 second, Carrier freq. = 5.357 MHz
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Figure 5.5 The grid showing antenna locations is divided into cells containing relative
unwrapped phases to yield the phase image. A dominant vertically oriented wave is obvious.

The center frequency of 5.334999 MHz, the carrier bin 0f 5.351500 MHz, and a sampling rate

of 100 kHz were the parameters of the dataset. The relative unwrapped phases were determined

94



using LWA-stand SV’s number (antenna) 134 and LWA-1’s stand number (antenna) 10, both near
the center ofthe antenna sites. The sample included cross-polarizations. Apolarization of zero was
used in the generation of the phase image.
For each time of data collection, a 2D Fourier transform over the space domain was performed to
the relative phase image, f(x, y), to produce a complex Fourier image, F(u, v), in the spatial
frequency domain.

For each time of data collection, a 2D Fourier transform over the space domain was performed
to the relative phase image, (X, y), to produce a complex Fourier image, F(u, v), in the spatial

frequency domain.

F(uv)= [ [ f(x,y)e 2mwxvy) dxdy (5.1)

Where u and v are spatial frequencies
F(u,U) = FRe (u,U) +]Flm (u,U), (52)

The Fourier image’s amplitude is determined by

IF(u,v) 1= Fg, (wv) + jEZ,((u,v), (5.3)

The Fourier image’s phase angle is calculated as

— -1 FIm (ll,U)
¢ (u, v)=tan |—FRe(u,v) : (5.4)
The power
of the wave is given by the amplitude square as
P (u,v) = [F(u,v) |3, (5.7)

The Fourier transform that produces the Fourier image from the phase image provides a
convenientand effective method of separating the different sets of waves by their wavevectors and

frequencies. The amplitudes of the Fourier peaks are the sizes of the phase shifts within the phase
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image. Arepresentative Fourierimage is shown in Figure 6, where each peak is paired with another
peak of opposite wavevector and frequency symmetrically placed about the u and v’s origin (0, 0).
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Figure 5.6 Fourier image shows symmetry in two dimensions, revealing many sets of waves
existing in the phase image. The red circles in the plot show the frequency (0.06 cycles/m) in a
series of harmonics.

5.3 Results
5.3.1 Analysis of LWA-SV and LWA-1 and Spatial Frequency

The experiment was conducted on 8 January 2021 at 20:30 UTC at the Santa Fe transmitter
location (35.71144° N, 106.0084° W). The transmitted frequency was 5.3570 MHz, and the mode
used was CW tone (continuous wave).

The experiment involved two receivers: LWA-SV (located at 34.348° N, 106.886° W) and
LWA-1 (located at 34.069° N, 107.628° W). For the LWA-SV receiver, the date and time of the
first frame recorded were 8 January 2021 and 20:29:20 UTC. The sample rate was 100,000 Hz,
and the total recorded time was 1765.895 s. For the LWA -1 receiver, the date and time of the first

frame recorded were 8 January 2021 and 18:00:00 UTC. The sample rate was also 100,000 Hz,
and the total recorded time was 1731.281 s.

There were two places on the ionosphere being measured (Figure 1). They lay mid -way between
Santa Fe and LWA-SV and between Santa Fe and LWA-1. Each place measured its own set of
waves. Together, their stereographic projection revealed nicely the intersection points of the two

sets of wavevectors having the same frequency of 0.06 cycles/m but different wavevectors [10].
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Their intersection point represents the location of the source creating the waves as the ionospheric
waves radiate outwards 360 degrees from the source. The local wave sources were previously
determined to be Albuquerque and its nearby power generating stations [10].

Figure 7 shows a Fourier image of the LWA-SV data revealing ~177 spatial frequency peaks. A
set of strong peaks near the origin with a frequency of 0.06 cycles/m and wavelength of 16.667 m

was selected to determine its power, represented by the two symmetric, yellow peaks in Figure 7.
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Figure 5.7 Fourier image of LWA-SV showing many peaks representing many sets of waves.
The strongest set (red peaks) has 0.06 cycles/m with its wavevector (red arrows ) pointing
north—south. Greenish peaks have low power intensity, as shown in the scale bar. The red circles
in the plot show the frequency ( 0.06 cycles/m) in a series of harmonics.

5.3.2 Model to Determine Wave Power

The power of the waves on the surface of the ionization layer was determined using a simple
capacitor model. The analysis focused on the strongest set of waves, those represented by the two
yellow Fourier peaks in Figure 7. These peaks were previously used to determine the origin of
their disturbance at Albuquerque [10].

The ionosphere model employed two parallel conductive plates to represent both the Earth’s
surface and the bottom surface of the ionosphere. The change in the distance between the plates,
d, due to the amplitude ofthe waves, is the size of the measured phase shiftin Figure 7. The surface

area of the plates represents the imaged area of the antennas onto the surface of the ionosphere.
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The change in capacitance, AC (farads), is given as

__Kx€gop*A

AC d

(5.8)

where K is the relative permittivity and equals 1 for vacuum and air; € is the permittivity of free

@)

space, €y =8.854 x 108; A is the area illuminated on the ionosphere, = " m?), where aand b

are the elliptical coordinates (50 m and 55 m, respectively) determined from the size of the
antennae array; and Ad is the peak height, i.e., the change in distance between the plates (403 m)
and equals the size of the phase shift of the wave. In terms of current and voltage, the change in

capacitance is

AC =< (5.9)

where AV (volts) is the change in voltage across the capacitor. Q (coulombs) is the electron density
in the ionosphere (3.5356 x 101! (electrons/m3)typically ranging from 101°to 1013 electrons/m3,
determined from the critical frequency for reflection/transmission of radio wave propagation
within the ionosphere that occurs around 5 MHz, which was the carrier wave frequency used in
this study. Itshould be noted, though, thatthe various ionosphere layers’altitudes and their electron
concentrations change according to the cyclical nature of solar radiation in every geographic area.
Three factors taken into account in this study determined the ionosphere’s reflection. The first is
the layer’sion density. The second isthe radio wave’s frequency, and the third is the angle at which
the wave enters the ionosphere, close to 90 degrees from the vertically propagating wave.
The graph in Figure 8 shows the changes in the average size of the phase shift (degrees) in one
second, which fluctuates over time. The size of the phase shift reached a low level of around 8500

degrees and a high level of around 9100 degrees, having an average phase shift of 8707 degrees.
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Figure 5.8 Phase shift measurements during one second of collection time having an average
shift of 8707 degrees for the set of waves having 0.06 cycles /m.

The change in voltage of the capacitor was determined to be 1192 V. The current of the charge
carried by the wave was determined to be 0.02468 A. The power of this set of waves was
determined to be 14.7 W. This power increased to 15.3 W when translating it from the patch
illuminated on the ionosphere to Albuquerque, a distance of 22 km, the source of the waves. A
damping of 0.17/km was applied to the traveling wave determined from the reductionofthe power
ofanionospheric wave generated from the Nepali earthquake propagating to Taiwan andthe Czech
Republic [14].

The power density at Albuquerque was determined to be 0.018 W/m?2 from the power, 153 W
perarea, i.e., (r x A?), where A was taken from the wavelength of the ionospheric wave, i.e., 16.7
m. In a similar manner, the total power density of all the sets of waves revealed in the Fourier
image of Figure 7, for which there were 177, resulted in a power density of 0.1 W/m?2 at the
translated point of Albuquerque. This result is considered a low approximation since their sources

of creation, which could be far and not local, were not determined.

5.3.3 Analysis of LWA-SV Spatial Frequency Results

Many local sources of power from generators within the state of New Mexico produce
electromagnetic disturbances from their electric power stations and transmission lines. These

disturbances were investigated for their power in context to the analysis of these results.
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5.3.3.1 Local Power Generating Stations and Places of

Measurements

Figure 9 displays the power generating stations around Albuquerque City and illustrates the

expected measurement places between the transmitter in Santa Fe and the antenna arrays (LWA -

SV and LWA-1).
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Figure 5.9 Map showing the power generating stations between the transmitter located in Santa
Fe and LWA-SV and LWA-1.
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The power, /, reaching the ionosphere generated by the power consumed from the local power

generating stations around Albuquerque is given by

I = - frz (5.10)
where [ is the proportional power, P is the initial power, and r is the distance from the surface of
the Earth to the ionosphere, determined to be around 78 km. Two power stations with high
generating capacities of 156 x 10° W each and three with low capacities for a total of 34.8 x 10°
W produces a total of ~347.4 MW. The proportional power transferred to the ionosphere above

Albuquerque is 0.018 W/m?2.

5.4 Discussion of LWA-1 and LWA-2 Spatial Imaging

Results

The receiving antenna array functioned as a camera, with each antenna representing one pixel
in the phase image; hence, the 256 antennas in the array represented 256 pixels in the phase image,
which had sufficient spatial resolution to show many sets of ionospheric waves. These sets of
waves were analyzed using Fourier imaging, which separated the sets of wave s by their frequencies
and wavevectors. The strongest set of peaks having a spatial frequency of 0.06 cycles/m with a
wavelength of 16.667 m was chosen for analysis of its power using a capacitor model, which
resulted in this set of waves having 14.7 W. Translation from the patch on the ionosphere where
the measurement occurred to Albuquerque, the source of the waves, the power increased to 15.3
W, producing a power density of 0.018 W/m?2.

A calculation of the power density received by the ionosphere above Albuquerque produced
from the total power of the local power generating stations was determined to be 0.018 W/m?,
which was in agreement with the experimentally measured value. This agreement may imply that
the power being generated by our power generators and consumed by industry and our homes is
not lost but captured by the Earth’s ionosphere.

The experimentally measured power density from all 177 sets of waves was approximated to
be 0.1 W/m?, which still requires their sources to be determined and not provided in this study. In
comparison to the solar constant of 1367 W/m?2, a power density of 0.1 W/m? is far less and may

not significantly contribute to climate change even if it was linearly extrapolated to larger
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metropolitan cities 30 times larger than Albuquerque, although its importance for understanding

climate change warrants further investigation.

5.5 Conclusions

The SDR Earth Imager enables the measurement ofthe power ofionospheric waves from phase
images generated using radio waves transmitted terrestrially through the atmosphere, reflected
from the ionosphere, and then detected terrestrially by an antenna array. The most powerful set of
waves found within the phase image was measured to have a power density of 0.018 W/m?2, which
corresponded to the calculated power density of 0.018 W/m?2 produced by the local power

generating stations around Albuquerque, the place of generation of this set of ionospheric waves.
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5.7 Additional Information for Mathematical Models and
Calculations

It is crucial to highlight that the published work, on which the rest of this chapter relies, does

not contain section 5.7.

The purpose of this section is to provide additional information on a variety of subjects covered
in chapter 5. This includes power station and transmission line losses, the mathematical model of
a capacitor and voltage calculation, power of local disturbances, and temporal analysis of the size

of waves on a Fourier image.
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5.7.1 Mathematical Model Capacitor and Voltage Calculation

This section covers the relationship between electric power, voltage difference, and current, as
well as the mathematical principles underlying capacitance.

Electric powerinan electrical circuitcan be determined by multiplyingthe differencein voltage
(4V) across a component by the current (1) flowing through it. This relationship can be expressed
as [125]:

Electric power = Voltage Difference x Current
Power = AV x |

The mathematical model of a capacitor is illustrated by the diagram (Figure 5.10), which depicts

a parallel plate capacitor composed of two parallel metal plates separated by a distance (d). This

capacitor has the ability to store electric charge and exhibits capacitance [126].

Dielectric with
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|

|
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|
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A" in 2 Plate B

Figure 5.10 Capacitance of a Parallel Plate Capacitor [127].

e Capacitance in Farads (C)
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e Permittivity of dielectric ( € )
e Area of plate in square meters (A)

e Distance between plates in meters (d)

__ KxgpxA
AC BV
Ac=2

AV

The permittivity of a vacuum, €, also known as the permittivity of free space, has the value of

-12
the constant 8.84 x 10  Farads per meter.

5.7.1.1 Determining Voltage from a Capacitor

The voltage from a capacitor can be determined by considering the size of the phase shift. The
average amplitude of the phase shift at a spatial frequency of 0.06 cycles/m was found to be 8707
degrees, which can be converted to radians by multiplying it by n/180, resulting in 152 rad.

The number of cycles can be obtained by dividing the average phase shift in radians (152 rad)
by 2z (rad), resulting in 24 cycles. The ionosphere phase shift (Ad) can then be calculated by
multiplying the number of cycles (Ad_cycles) by the wavelength (1) in meters. In this case, the
ionosphere phase shift (Ad) is equal to 24 cycles multiplied by 16.667, resulting in 403 meters.

It is worth noting that the capacitance of a capacitor is defined as one Farad when one Coulomb
of charge is stored on the plates by a voltage of one volt. The equation [=Q/t can be used to
determine that 1 Ampere is equivalent to 1 Coulomb per second. This corresponds to
approximately 6.25 x 1018 electrons. Additionally, it is stated that the ionosphere area is half the

size of the area on Earth.

104



Figure 5.11 The area of the antenna array considered as Ellipse area

The following paragraph discusses various calculations and equations related to capacitance and
electron density:

The constant K is set to 1, and the permittivity of free space (&o) is equal to 8.84 x 10 -12 F/m.
The area of the antenna array (A;) considered as Ellipse ashown in Figure 5.11 is calculated as
n*(50/2)*(55/2), resultingin 2160 m2. The phase shift (Ad) is determined to be 403 m. To calculate
the change in capacitance (AC), the formula

(AC = (K * & * Ay) / Ad) is used. Substituting the given values, the change in capacitance is
expressed as F (Farads).

In order to determine the maximum electron density, the formula fc = 9 v/Nmax is utilized,
where fc represents the critical frequency and Nmax indicates the maximum electron density per
m?3. The equation Nmax = (fc/9) 2 is derived, and upon calculation, Nmax is found to be 3.5356 x
10" electrons.

In a capacitor, capacitance is measured in farads, where one farad is equal to coulomb per volt
(C/V). The change in capacitance (AC) is calculated to be 4.744 x 10 1! F, which can also be
expressed as pF or uC/V.

By multiplying the change in capacitance (AC) by the approximate number of electrons (6.25 x
1013), the value of ACe (change in charge per volt) is determined to be 296495858.242 e/V.
The charge (Q) is given as 3.5356 x 10!! electrons. To calculate the voltage change (DV), the
formula DV = Q/ACe is used, where DV represents voltage per cubic meter. Substituting the
values, DV is found to be 1192 V. Finally, the basic capacitance formula Q =C * V is mentioned,

which relates the capacitance (C) with the charge (Q) and the voltage (V) that creates the charge.
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5.7.1.2 Current and Power Calculation

Currentcalculations can be derived from volume and power calculations by assuming the model
is a half-cylinder. In this case, the radius (r) is equal to the lambda (X) and the height (h) is equal
to the change in distance (Ad). The volume of the half-cylinder can be calculated usingthe formula
V=(n *A2* Ad) / 2. By considering these parameters, the current can be determined based on the
volume and power calculations.

The charge (Q) is given as 3.5356 x 101! electrons. Additionally, Ad is calculated as half of
403, resulting in 201.5 m. The electron velocity (ve) is determined by multiplying A by the
number of cycles (30), resulting in 500 m/s. The time (t) is calculated as Ad divided by the
electron velocity (L), resulting in 0.8 s. Using the formula Qt = Q/t, the average charge rate is
calculated as 4.3855 x 101! ele/s.

The power (P) can be found by using the formula P =V * I. The charge rate per Coulomb
(Qt_col) is calculated by dividing Qt by the total number of electrons per Coulomb (6.25 x 1018).
This results in 1.403 x 10 7 col/s.

To calculate the current (1), Qt_col is multiplied by the volume, resulting in 0.0246 col/s. The
power is obtained by multiplying I by the average voltage change (DV), which is 1192 V,
resultingin 14.71 Watts. The area of the half-cylinder (A) is calculated as & * (16.667)2, resulting
in 872.69 m2. The power density (S) is calculated by dividing the power (P) by the area (A),
resulting in 0.0164 W/m?2,

5.7.1.3 Power of Local Disturbances

The power of local disturbances can be analyzed by considering various factors. The diagram
illustrates the distance between the measurement location and the ionosphere area over
Albuquerque. At the place of measurement, situated between LWA-SV and the transmitter, the
power is recorded as 14.7 W. Damping (d(x)) is determined based on the Nepal earthquake, with

a damping value of 0.173 per kilometer.
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Figure 5.12 The diagram shows the height of the measurement location in the ionosphere

Considering a distance of 22 km (Figure 5.12) between the measurement location and
Albuquerque, the power after damping is calculated as the product of the power and damping
factor, resulting in 0.559 W. Thus, the power damping for a distance of 22 km is determined to be
0.5598 W. The total power of the disturbance source is calculated by adding the power measured
at the place of measurement (14.7 W) and the power after damping (0.559 W), resulting in 15.26
W.

5.7.1.4 Power for Local Disturbances

The power for local disturbances can be calculated using the formula I, =P / (n * 12), where I,
represents the proportional power of a wave, P represents the power of a wave, and r represents
the radius of the wave. Applying this formula, the power of local disturbances is determined as
follows:

[, =1526 W/(n* (16.667)%)
=1526 W/ (n* 277.79)
=0.0174 W/m?

It is commonly understood that any disturbances have a source as shown in Figure 5.13 and

some properties can be used to distinguish these disturbances, such as their power, energy, and

direction of movement.
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Therefore, the power of local disturbances, calculated based on the given values, is found to be
0.0174 W/m?2. This value represents the proportional power of the wave in the specific situation

being analyzed.

Figure 5.13 Power of local disturbances

The power of these waves was determined to be 14.7 W. At the source of the waves, the power

iIs 15.3 W, as translated from the patch measured on the surface of the ionosphere layer to
Albuquerque. This power produced a power density of all the sets of waves of 0.018 % at

Albuquerque city.

5.7.1.5 Power Station and Transmission Line Losses

Electricity transfer over long distances from power generating stations has several types of
power losses. The transformers and the power lines are considered to have the largest power
losses. The average values of power loss at various stages of transmission and distribution
network are as follows. The first loss is at the step-up transformers from the power plant
generator to the transmission line. It has a loss of 1-2%. The second loss is in the transmission
line (s) having a loss of 2-4% and the third loss is the step-down transformers from the
transmission line to the distribution network having a loss of 1-2% as shown in Figure 5.14.

Thus, the distribution network transformers and cables have average total power losses of about
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4- 6% [128], (International Electrotechnical Commission (IEC) Document)

(1) (https://www.eia.gov/tools/fags/fag.php?id=105&t=3). Another important consideration is the

operation of all the power generators are synchronized, i.e., they are in phase with one another,

having an alternating current (AC) of 60-Hertz over the complete interconnection [129].

This part discusses power capacity and losses in an electric transmission and distribution
system, as well as the power remaining in the ionosphere.

Different power capacity and losses are taken into account in the schematic representation of

an electric transmission and distribution system. The following are the capacity of power
stations, expressed in megawatts (MW) [130], and the associated 6% losses:
- The first power plant has a capacity of 156 x10 ¢ W, and experiences loses 9,360,000.0 W.
- The second power plant has a capacity of 14.8 X10 ¢ W, and experiences loses 888,000.0 W.
- The third power plant has a capacity of 156.6 X10°W, and experiences loses 9,396,000.0 W.
- The fourth and fifth power plants have a capacity of 10 X10 ¢ W, and experience loses

600,000.0 W.

The total power losses in the system are calculated as 20,844,000.0 W. The radius of the wave
is 78,000 m. Considering a coupling of 10%, the coupled power (Ic) is determined as 2,084,400.0
W. The remaining power (Ir) is obtained by subtracting Ic from P, resulting in 18,759,600.0 W.

Step up Transmission Step Down S pjstributionsf  Step Down
Power Plant Tiiee . s e s Residence

Figure 5.14 An electric transmission and distribution system is depicted in this simple schematic
[131]

To calculate the proportional power of the wave (I), the formula I =P/ (x * 12) is used, where P

represents the power of the wave and r is the radius of the wave. Substituting the given values, I is
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calculated as 0.000981 W/m2. However, it is noted that the same damping factor cannot be applied
in this case since this power is going from the Earth to the ionosphere.

The overall power is calculated to be 347.4 MW using the previously stated power capacity in
megawatts. Utilizing the formula to calculate I, with the radius 78,000 m, I is found to be 0.0181
W/m2. With a coupling of 10% (Ic =0.00181 taken from the Nepal earthquake on April 2015), the
power remaining in the ionosphere (I - Ic) is calculated as 0.0163 W/m?2, approximately equal to

0.016 W/m2.
5.7.1.6 Temporal Analysis

The temporal analysis of the size of the wave on the Fourier image is presented in Appendix B.
This analysis focuses on studying the variations and changes in the wave's size over time, as

depicted in Figure 5.15.

5.7.1.6.1 Temporal analysis of Size of Wave on Fourier Image

A deep analysis of different time sequences shows that 32.55 hertz dominates all time
sequences. These various frequencies exist because they are from interference effects due to the
number of sources fromall those power plants. Therefore, if they all act like a point source, their

waves will interfere with each other, and they will create harmonics.

The radio wave emitted in Santa Fe the radio wave and reflected off the ionization layer at an
angle. The detectors or the cameras (Antenna arrays: WA-SV and LWA-1) are on the other side
of Albuquerque. The beam measured a patch on the surface of the ionization layer and tilted it as
it reflected off the surface of that patch. And on that patch, all these waves are shown on the Fourier
image. As the patch moves further away, the angle of the beam reflects off that patch becomes
shallower and shallower. Therefore, waves of higher frequency can be seen. This is because the
beam reflected off the surface of the ionization layer was tilted. That is why 32 and 64 appeared.

If the reflected beam were straight up and down, we would expect 30 and 60 hertz.
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Figure 5.15 Power in Fourier image in one second illustrating the repetition of the frequency
The other complicating factor isthatmany sources can interact with these radios for disturbance
and are close to each other. The disturbances are the power generators. They are all around
Albuquerque, and Albuquerque itself is a big disturbance. Hence, a multi-source generation of

these waves creates these other possible higher frequencies through interference.
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Chapter 6 Conclusions and Future Work

6.1 Conclusions

The primary objective of this research is to focus on imaging ionospheric waves and relating
them to the physically disturbing events that created them. These events could occur within
the Earth's atmosphere, its mantle, and from space. Investigation of the amplitude, frequency, and
wave vectors of the ionization surface waves providesa means to measure the properties of the
Earth's disturbing events, such as their power, energy, location, and direction of movement.

The first experiments were conducted at DROA to attempt to image the ionosphere with The
SDR Earth Imaging Device. The data was successfully gathered using only four receiving
antennas. The results of the data analysis revealed two unique wave types: one with a constant
frequency anticipating the loss of power in transmission lines and the other with a significant
frequency spike that might correspond to earthquakes or lightning, as shown in chapter 3.

Chapter 4 illustrates that wavevectors for stations LWA-1 and LWA-SV were successfully
applied to determine the intersection of wavevectors. The data analysis from the LWA-SV and
LWA-1 stations showed that the wavevector of the strongest wave in one set, with 0.06 cycle/m,
was tracked through time. The local power plants in and around Albuquerque are the most likely
causes of this sequence of waves. Therefore, further research focused on identifying the wave
vectors connecting the strength of the ionosphere waves to regional disturbances like the power

generators in the Albuquerque area.

6.2 Future Work

The study conducted using the Software Defined Radio Earth Imager uncovered numerous
waves in the ionosphere. This pioneering approach facilitates the determination of amplitudes,
frequencies, and the origin of any disturbance caused by wave vectors. Nevertheless, based on the
previous analysis and results, this research can be further improved and utilized by implementing
the following enhancements:

Ideally, three or more SDR Earth Imagers would enable the precise localization of Earth's
atmosphere-disturbing events by triangulating wave vectors Monitoring and measuring the

disruptive occurrences of solar, gegomagnetic, and meteorological Earth by using the device for
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several days enable data analysis that could aid in comprehending each events
behavior.Conducting more measurements and then analyzing data for about 170 waves on a
Fourier image could determine the power, energy, and location of Earth's disruptive events such
as earthquakes, storms, and extreme local and global weather

Utilizing radio wave measurements of amplitudes, frequencies, and wave vectors of the waves
present on the Earth's ionization layer or ionosphere can determine the Earth's refractive index
fromthe surface to the upperatmosphere, providinga measurementof the temperatures, pressures,
and compositions of the atmosphere.

In future measurements, itis hoped thattechniques will be developedto enable the simultaneous
measurement of the transmission time and received times at the antennas. This will facilitate the
accurate determination of the reflection height of radio waves within the ionosphere. Furthermore,
through the optimal alignment of the antenna array, it is anticipated that clearer ionospheric waves
will be obtained, thereby contributing to the advancement of our understanding of this

phenomenon.

113



Appendix

Appendix C provides further data related to the patent discussed in Chapter 4, author contributions, funding
and data availability in Chapter 5.

Additional information, Chapter 4

Patent No: US 10,451,731 B2. Date: 22 October 2019. A Software Defined Radio Earth
Atmosphere Imaging system with at least one imager that includes: a radio wave emitter
configured to emit a sky wave, a ground wave, and a first line signal; radio wave detectors,
including a radio wave detector with a two-dimensional array of radio wave receivers and a radio
wave detector for receiving a carrier wave and a ground wave and transmitting a second-time
signal; a vector network analyzer, including a Global Navigation Satellite System and at least one
synchronization clock; a vector network analyzer in electrical communication with the radio
emitter via a first wire and with the radio wave detector via a second wire with the wires used to
transmit time signals; a software-defined radio in electronic communication with a vector network
analyzer; and a computing device in electronic communication with the vector network analyzer.
Author Contributions: R.N.K.S. and R.H. are the main contributors to this research as they
applied the idea, followed it up, and analyzed the dataset using a phase imager. P.D. is responsible
for setting the time to conduct the experiments and designing the SDR. S.G.T. discussed the
approach with us and the derivation of imaging the waves in the ionosphere. The concept of the
approach was employed at Dominion Radio Astrophysical Observatory, Penticton, Canada under
the supervision of S.H. Finally; all experiments were conducted by W.J. All authors have read and
agreed to the published version of the manuscript.
Funding: Natural Science and EngineeringResearch Council (NSERC) of Canada (RGPIN-2017-
03805), and the Ministry of Higher Education and Scientific Research of Libya scholarship.
Data Availability Statement: The dataset is available on Compute Canada Stores.
Acknowledgments: Grants from the Natural Science and Engineering Research Council
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