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This dissertation experimentally and theoretically investigates the generation of radio waves
in the extremely low frequency (ELF, 3-3000 Hz) and very low frequency (VLF, 3-30 kHz) bands
by high frequency (HF, 3-30 MHz) heating of the lower ionosphere. ELF and VLF waves can
propagate to large distances around the globe with little attenuation, making them ideally suited for
long distance communications and ionospheric remote sensing. These waves may also propagate
into near-Earth space, where they can control the population of energetic radiation belt particles.
Improving the efficiency of this unconventional mechanism for ELF/VLF wave generation is the
primary emphasis of this work.

For the experimental observations presented herein, the ELF/VLF signal detected at the re-
ceiver is considered to be the sum of several multi-path components. These multi-path components
are produced by reflections from the ground and the lower ionosphere. A novel time-of-arrival
(TOA) analysis technique is applied to observations to distinguish between line-of-sight (LOS)
and 1onospherically-reflected (IR) components. This decomposition enables the experimental dif-
ferentiation of HF heating (i.e., source) effects and Earth-ionosphere waveguide (i.e., propagation)
effects. TOA analysis of experimental observations for various HF heating schemes are compared
against a theoretical model to demonstrate the validity of the technique.

TOA analysis is applied to evaluate the ELF/VLF source properties produced by rapidly
scanning the HF beam across the ionosphere, a very efficient modulation technique known as

beam-painting. By precisely controlling the duration of the HF pulse during the beam-painting
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experiments, the amplitude and phase of individual ELF/VLF array elements are experimentally
measured. The influence of the source area, phasing distribution, heating and cooling time scales,
and obliqueness of the HF beam on the received ELF/VLF amplitude are experimentally quanti-
fied for the first time. Based on these observations, a simple change to the modulation format is
proposed to significantly increase the received ELF/VLF amplitude by >4 dB and the HF-to-ELF
conversion efficiency by >7 dB.

Lastly, a rigorous optimization method is applied to maximize the received ELF/VLF wave
amplitude. The optimization is based on experimental observations, and utilizes the observed
amplitudes, phases, and propagation delays associated with 8 different HF heating locations. The
optimal heating pattern is predicted to increase the received ELF/VLF amplitude by ~7 dB and
the HF-to-ELF conversion efficiency by ~11 dB, constituting a tremendous improvement over the

current state-of-the-art modulation formats.
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CHAPTER 1
INTRODUCTION

This dissertation investigates the generation of radio waves in the extremely low frequency
(ELF, 3-3000 Hz) and very low frequency (VLF, 3-30 kHz) bands by high frequency (HF, 3—
30 MHz) heating of the lower ionosphere in the presence of the auroral elecrojet current system.
All experiments presented herein were performed at the High Frequency Active Auroral Research
Program (HAARP) observatory in Gakona, Alaska. A novel method is employed to isolate the
detected ELF/VLF signal from Earth-ionosphere waveguide propagation effects. As a direct re-
sult of this analysis, new HF modulation techniques are proposed to optimize the amplitude of the
ELF/VLF signal received at a single site. This chapter introduces the difficulties associated with
conventional ELF/VLF wave generation, provides a literature review focused ELF/VLF wave gen-
eration by HF heating, and concludes by identifying the scientific contributions of this dissertation.

1.1 Conventional ELF/VLF Wave Generation

ELF/VLF waves reflect between the Earth’s ionosphere and ground and propagate to global-
scale distances with relatively low attenuation in the Earth-ionosphere waveguide. They also pen-
etrate tens of meters into seawater. For these reasons, they are ideally suited for long-distance
communications. Navies in several countries use ELF and VLF waves to communicate with sub-
merged vehicles [e.g., Bernstein et al., 1974; Merrill, 1974]. Before the advent of the global posi-
tion system (GPS), ELF/VLF waves were used for global navigation and time transfer [e.g., Frank,
1983; Swanson, 1983], and they have subsequently provided a valid, although coarser, failsafe for
GPS. Furthermore, ELF/VLF waves are effective tools for remotely sensing the properties of the
ionosphere [e.g., Cummer et al., 1998; Agrawal and Moore, 2012] and magnetosphere [e.g., Inan
and Carpenter, 1987; Gotkowski et al., 2011]. For instance, particular attention has been paid to
the ionospheric and magnetospheric effects of lightning [e.g., Lauben et al., 2001; Dowden et al.,
2002; Moore et al., 2003; Said et al., 2010] and nuclear explosions [e.g., Field and Engel, 1965;

Helliwell, 1965].
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Despite the numerous communications-oriented and scientific applications, conventional me-
thods for the generation of ELF/VLF waves are costly. Although a number of VLF transmitters
currently operate in the ~15-30 kHz band with reasonable efficiency (>20%), the required antenna
size is on the order of hundreds of meters [Watt, 1967]. One of the most powerful VLF transmitters
is operated at Cutler, Maine by the US Navy. This transmitter consists of two star antennas: each
antenna is a vertical monopole with leads connecting the center mast to six surrounding masts. The
average height of the masts is ~200 m and the total area enclosed by the antennas is ~ 2 x 10% m?
(~500 acres). The center mast that radiates the signal is ~300 m high, and it is still electronically
small for the 10-20 km wavelength in the upper VLF range. Tuning to the resonant frequency
makes it possible to maintain >70% radiation efficiency at 14 kHz [Watt, 1967], but the bandwidth
of operation is significantly limited (100’s of Hz). It should be noted that the Cutler transmitter
presently operates at a different frequency (24.0 kHz).

At the lower end of the ELF/VLF frequency range (<5 kHz), a long horizontal wire is a more
practical implementation that can achieve lengths comparable to a wavelength (>60 km). Because
the long horizontal wire lies close to the ground, however, image sources tend to cancel most of
the radiated fields. Even on thick ice sheets, ELF/VLF antennas radiate with low efficiency. For
instance at Siple Station, Antarctica, a 21.4 km horizontal antenna transmitted waves at a few
kHz with at most ~2% efficiency [Raghuram et al., 1974]. For low-ELF frequencies (<100 Hz),
the antenna project at the Wisconsin Test Facility used a multitude of ~22.5 km wires to achieve
efficiencies on the order of ~0.01% [Papadopoulos et al., 1990]. In this case, once again, the
bandwidth of the transmission is severely limited.

For all of these transmitters, operation and maintenance costs are high and the available band-
width is a small fraction of the center frequency. From this perspective, modulated HF heating
of the ionosphere in the presence of naturally occurring electric currents is an important alter-
native method to generate ELF/VLF waves, and simultaneously provides a means to study long
distance ELF/VLF propagation in a controlled environment. While this unconventional method

for ELF/VLF wave generation suffers from even lower efficiency (~0.0001-0.001%) [Barr et al.,
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1985; Moore et al., 2007; Cohen and Gotkowski, 2013], it is not significantly limited in band-
width. Recent efforts to improve the efficiency have achieved a 10-fold enhancement in radiated
ELF/VLF power by rapidly scanning the HF beam across the ionosphere [Cohen et al., 2008,
2010a,b]. While the improvement in efficiency has been documented, the physical reasons for the
improvement have not been experimentally quantified. As a result, it is not yet possible to opti-
mize the ELF/VLF source region for controlled injection into the Earth-ionosphere waveguide or
into near-Earth space. As a first step toward providing such capabilities, this dissertation experi-
mentally quantifies the effects produced by individual HF beam steering parameters on ELF/VLF
wave generation and investigates the optimal combination of those parameters to maximize the
ELF/VLF wave amplitude received at an individual ground-based receiver.
1.2 Previous Measurements of Ionospheric ELF/VLF Wave Generation

Since Getmantsev et al. [1974] first succeeded in ELF/VLF wave generation by heating the
ionosphere, a number of efforts have been conducted in order to increase the efficiency of ELF/VLF
wave generation, which is on the order of ~0.0001-0.001%. Typically, the radiated power of the
ELF/VLF wave source is estimated by comparing the observed ELF/VLF amplitude with an HF
heating and ELF/VLF wave propagation model. At Tromsg, Norway, using 1 MW of HF power,
Barr et al. [1985] estimated 1 to 2 W of radiated ELF/VLF power, depending on the ionospheric
condition. At HAARP in Alaska, using 960 kW of HF power, Moore [2007] estimated 4-32 W
(and detected the signal more than 4,500 km away from HAARP). More recently, after an upgrade
of the HAARP HF transmitter to 3.6 MW, Cohen and Gotkowski [2013] estimated a maximum
radiated ELF/VLF power of ~265 W. For these estimations, the transmission formats were limited
to a vertical, narrow beam with amplitude modulation, and the carrier and modulation frequencies
were 2.75-3.25 MHz and 0.5-3.5 kHz respectively. Of course, ELF/VLF wave generation depends
on the strength of the auroral electrojet currents, on the properties of the ionosphere, and on the
HF transmission parameters employed. Although we can only control the last of these items, it is
worth explaining the importance of the geomagnetic conditions local to HAARP prior to delving

into the HF transmission parameters.
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1.2.1 Local Ionospheric and Geomagnetic Conditions

Local ionospheric and geomagnetic conditions play an important role determining the ELF/
VLF signal strength and generation efficiency. The properties of the ionosphere vary significantly
with time (even minute by minute). Strong or weak ELF/VLF signals can be generated, depend-
ing on how the electron density and electron temperature vary with altitude within the D-region
ionosphere, even for the same HF beam configuration. In essence, the ionospheric parameters af-
fect the efficiency of ionospheric conductivity modulation produced by HF heating. Cohen and
Gotkowski [2013] statistically analyzed ELF/VLF signal generation at HAARP for over a course
of 91 days. Their analysis revealed that the average ELF/VLF signal strength was highest during
the daytime, but the strongest signal levels (for shorter periods of time) were generated during
the nighttime. This statistical observation is consistent with the theoretical model of Milikh and
Papadopoulos [2007] that predicts larger ELF/VLF signal levels for higher D-region ionospheric
electron densities.

Further studies correlate observed ELF/VLF signal strengths with magnetometer observa-
tions [Rietveld et al., 1987; Jin et al., 2009, 2011]. The magnetometer measures near-DC magnetic
field fluctuations that are related to the strength of the auroral electrojet currents at ~150 km
altitude. Jin et al. [2011] integrated magnetometer measurements with riometer absorption and
1onosonde electron density measurements and demonstrated correlation between ELF/VLF signal
strengths and magnetometer measurements in most cases. Rietveld et al. [1983] observed a direct
correlation between the ELF/VLF signal amplitude (and polarization) and the auroral electric field
strength (and direction) measured using the STARE radar system. Rietveld et al. [1984] observed
a spatial correlation with STARE observations by tilting the HF beam in different directions, and
Rietveld et al. [1987] reported a temporal correlation using 32 hours of ELF/VLF, STARE, mag-
netometer, and riometer observations.

Most of the ELF/VLF generation experiments have been performed at high latitudes (>60°N)
because of the strong auroral electrojet electric field. However, at equatorial latitudes, the equato-

rial dynamo current naturally flows in the lower ionosphere. At the Arecibo Observatory (18°N,
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66°W) in Puerto Rico and at the Jicamerca (11°S, 76°W) in Peru, successful ELF/VLF signals
generation experiments have been performed. The ELF/VLF amplitudes generated at the Arecibo
and Jicamerca were 10-100 times smaller than those generated at high latitudes [Ferraro et al.,
1982, 1984; Lunnen et al., 1984].

While naturally occurring electric currents are an important part of the ELF/VLF wave gen-
eration process, they are not absolutely necessary to generate ELF/VLF signals. Several recent
experiments have focused on generating ELF/VLF waves in the absence of a strong auroral electro-
jet. Papadopoulos et al. [2011a,b] showed theoretical and experimental results of the ionospheric
current drive (ICD) mechanism, in which F-region pressure was modulated by HF heating. The
generated ELF signal (<70 Hz) was ~10-20 dB weaker than ELF/VLF waves generated by elec-
trojet modulation. Eliasson et al. [2012]’s observation supported the model result by detecting
the ELF signals at the further site (330-7700 km) when there was no signal detection directly at
the HAARP site. Wave generation with ICD is limited to <100 Hz, however. Another electrojet-
independent ELF/VLF wave generation mechanism works moderately well at higher frequencies.
The “cubic” modulation format was initially thought to beat one HF signal with the second har-
monic of a second HF signal. This transmission format was first performed by Kotik and Ermakova
[1998] broadcasting one beam at ~9 MHz and the other beam at ~4.5 MHz in which the ~9 MHz
beam and the second harmonic of the ~4.5 MHz beam differ by a frequency in the ELF/VLF range.
Moore et al. [2013] performed a similar experiment, but used TOA analysis to determine that the
source height resided in the D-region ionosphere. Moore et al. [2013] further provided numerical
modeling to determine that the dominant “cubic” generation mechanism at high latitudes consists
of the beating of one HF signal with the inner product of the first and second HF signal. Observed
signal amplitudes were lower than AM electrojet modulation by ~30 dB in the 5 kHz range but
only by ~10 dB in the 20 kHz range.

Although mechanisms exist to generate ELF/VLF waves without use of the auroral electrojet
currents, at the present time, ELF/VLF wave generation is much more efficient when the electrojet

is employed. For the remainder of this dissertation, I focus on techniques to modulate the auroral
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electrojet currents for ELF/VLF wave generation. I now consider the role that HF transmission
parameters play in ELF/VLF wave generation processes.
1.2.2 HF Transmission Parameters

The HF transmission parameters are the only controllable knobs in the ELF/VLF wave gen-
eration system. At HAARP, the HF power, frequency, polarization, modulation frequency, and
modulation waveform are all precisely controllable. The HAARP HF transmitter is also capable
of rapidly scanning the ionosphere. It can re-position the beam with 5 p-second accuracy, as long
as the positions are within 15° of one centralized point. I now discuss the effects these parameters
have on ELF/VLF wave generation.
1.2.2.1 HF power

Increasing the power of the HF beam increases the generated ELF/VLF signal strength, al-
though the specific relationship between ELF/VLF amplitude and HF power is non-linear. For
instance, Stubbe et al. [1982] compared the amplitude produced by AM at 0-50% and 50-100%
modulation power depth. The amplitudes would be the same if the ELF/VLF signal strength varied
linearly with HF power. The amplitude produced by 0-50% power depth was ~1.5 times larger
than the amplitude produced by 50-100% power depth, however. Moore [2007] measured the
amplitude with different average HF power changing modulation power depth (30-60%) and iden-
tified the optimal average HF power. At low HF power levels, researchers generally characterized
the relationship with a simple power-law: the ELF/VLF signal amplitude is proportional to the HF
power raised to some exponent. Ferraro et al. [1984], Barr et al. [1987] and Barr et al. [1988]
used 0.5 for the exponent to model their received signals. Papadopoulos et al. [1990] theoretically
determined the exponent as <0.5 for low altitudes (~70-75 km) and as ~2 for higher altitudes
(>90 km). Barr and Stubbe [1991a] observed the ELF/VLF signal with changing HF effective
radiated power from 50 MW to 1 GW and fit the power-law equation to the observations. The
exponent varied between 0.7 and 0.97 depending on the modulation frequency. Barr and Stubbe
[1993] applied the power-law to the harmonics of the radiation and determined the exponent as

~0.95.
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Despite the excellent match of the observations to the simple power law, at high HF power
levels, the power law requires modification to account for observations of saturation effects [Moore
et al., 2006].
1.2.2.2 Oblique HF heating

Oblique HF heating of the ionosphere was introduced by Rietveld et al. [1984]. Barr et al.
[1987] and Barr et al. [1988] tilted the HF beam from +37° to —37° toward and away from the
receiver. They observed ~1-6 kHz signals at ~550 km distant site and showed that tilting the
HF beam toward the receiver produced 8—10 dB larger amplitude than tilting the beam away from
the receiver. The amplitude changes by a larger degree at higher modulation frequencies. Barr
et al. [1988] concluded that the amplitude increased or decreased due to the distributed phasing of
the ELF/VLF source within the heated region. When tilting the HF beam toward the receiver, the
relative phasing of the elemental source components within the heated region produce constructive
interference at the receiver. On the other hand, when tilting the HF beam away from the receiver,
the relative phasing of the elemental source components produce destructive interference at the
receiver. Cohen et al. [2010a] presented similar experimental results.
1.2.2.3 Rapid heater beam scanning

By rapidly and repeatedly directing the HF beam toward different positions within the iono-
sphere, HF transmitters can generate multiple ELF/VLF sources. Due in large part to the relative
timing of the transmissions, the sources will have significantly different phases and constitute an
ELF/VLF phased array. The simplest phased array is a two-element phased array created by alter-
natively heating two locations with a CW beam [Barr et al., 1987]. In this case, one location was
aimed toward the receiver ~550 km away from Tromsg, whereas the second location was in the
opposite direction. The off-zenith angles were symmetrically changed to observe the interference
pattern created by the two sources. The received amplitude was approximately doubled when the
locations were separated by half of the ELF/VLF wavelength.

Under certain circumstances, each source within the ELF/VLF phased array can be treated

independently, and the total received ELF/VLF signal can be estimated as the linear sum of the

18



field generated by these sources. Gotkowski et al. [2013] compared observations against a simple
model, which indicated that independent treatment of ELF/VLF sources was valid at least up until
the HF beams overlapped at the 3-dB point.

Increasing the number of source elements, or equivalently increasing the area of the source
has also been shown to be an effective method to increase the ELF/VLF amplitude and efficiency.
[Barr and Stubbe, 1991a] experimentally showed that the ELF/VLF signal amplitude is propor-
tional to the source area. Cohen and Gotkowski [2013] transmitted different HF beam patterns and
the broader beam pattern generally produced larger ELF/VLF amplitudes. Two novel HF mod-
ulation schemes designed to effectively increase the source area and form the phased array have
been suggested and implemented: “beam painting” and ~geometric modulation.” Both of the tech-
niques involve rapidly scanning the HF beam over a vast area, effectively increasing the area of the
ELF/VLF source region.

The beam painting (BP) technique described by Papadopoulos et al. [1989] provides a means
to increase the area of the ionospheric ELF/VLF source region without significantly affecting the
localized conductivity modulation. The modulation technique is implemented by rapidly and re-
peatedly scanning a vast area of the ionosphere with the HF beam. The rapid heater beam scanning
is followed by a cooling period during which the HF transmitter is off, such that the “on” time plus
the “off” time corresponds to the desired period of the ELF/VLF wave to be generated. In order
for this modulation technique to work as designed, it is necessary that the characteristic time con-
stant for electron heating is significantly shorter than that for electron cooling so that the benefit
of a larger heating area more than compensates for the loss associated with a shorter HF heating
duration [Papadopoulos et al., 1989, 1990].

Papadopoulos et al. [1989] theoretically simulated the beam painting at 200 Hz modulation
frequency. They claimed to determine an optimal ratio of heater “on” to “off” time that would in-
crease the HF-to-ELF conversion efficiency by ~500 times (compared to square-wave AM). This
power conversion efficiency was hopeful to outperform the long wire ELF transmitter [ Papadopou-

los et al., 1990]. However, Barr and Stubbe [1991a] and Barr et al. [1999] experimentally tested
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the heating-cooling response of the ionosphere and showed that the minimum ratio of the heating
and cooling response was ~0.3 while the BP mechanism required a ratio of 0.05 to achieve the
cited efficiency improvement.

Geometric modulation (GM), as implemented by Cohen et al. [2008], is a special case of
beam painting. During GM, the HF beam scans the ionosphere in a geometric pattern (e.g., a circle
or a line), cycling through the pattern at a desired ELF/VLF frequency. Cohen et al. [2008] dif-
ferentiated GM from BP by noting that GM does not have any off time (the HF beam is always at
full power) and that GM cycles through the given pattern only once per ELF/VLF period. Similar
to BP, GM produces a large distributed ELF/VLF source region, and it has been demonstrated that
the resulting source can be treated as an ELF/VLF phased array [Cohen et al., 2010a]. GM is
effective at increasing the received ELF/VLF signal amplitude for higher modulation frequencies
(>3 kHz) and produces a gain of 7-11 dB over vertical AM (square-wave) heating with 50% duty
cycle [Cohen et al., 2008, 2010a]. Cohen et al. [2010a] also implemented BP, and observed only
a few dB enhancement of the amplitude over AM at a nearby site (~34 km), but no enhancement
at farther sites (~700 km). Cohen et al. [2010b]’s model result showed that BP was not effective
because even HAARP’s achievable HF power was not sufficient to increase the electron temper-
ature quickly enough to take advantage of BP. Nevertheless, differentiation between the BP and
GM techniques is mere nomenclature: the basic physical concepts guiding the two methods are the
same.

The BP and GM experiments highlight the primary factors that contribute to the ELF/VLF
signal amplitudes generated using a phased array, which are: the HF heated area, the duty cycle,
the spatial distribution of phase, and the obliqueness of the HF beam. These four factors have not
been treated systematically in the past studies, and their effects compete with each other. This dis-
sertation optimizes the received ELF/VLF amplitude by properly accounting for these competing

effects.
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1.2.2.4 Other HF transmission properties

This section summarizes effects of other important HF transmission properties. First, HF
frequency is discussed. The HAARP HF transmitter can broadcast between 2.7 and 9.5 MHz.
Within that range, lower HF frequencies experience a larger rate of absorption within the D-region
ionosphere [James, 1985]. For instance, Cohen et al. [2012a] compared the received ELF/VLF
amplitudes produced by a narrow beam at 3.25 MHz and a broad beam at 9.50 MHz, both of
which had roughly the same HF power density. The observation showed the narrow 3.25 MHz
beam produced 5-10 dB larger amplitude than the broad 9.50 MHz beam.

HF beam polarity, X- or O-mode, also produces a difference in the received ELF/VLF signal
amplitude. It is generally consistent that X-mode generates 4-8 dB larger received ELF/VLF am-
plitude than O-mode [Stubbe et al., 1982; Ferraro et al., 1984; James et al., 1984; Villascfior et al.,
1996; Barr et al., 1999] because the X-mode wave counteracts the natural direction of electron
motion around the Earth’s magnetic field, and in turn, experiences a larger rate of absorption.

The modulation waveform is also an important factor to consider. The most common wave-
form is the square-wave waveform for which the duty cycle can be controlled precisely. The
ELF/VLF amplitude increases with increasing duty cycle up to 20-40% and decreases at higher
duty cycles [Barr and Stubbe, 1991b; Cohen et al., 2010a; Jin et al., 2012]. This trend is due
to the fact that the ionospheric heating time constant tends to be larger than the cooling time con-
stant [Barr and Stubbe, 1991b]. Jin et al. [2012] experimentally compared the amplitude generated
by 2125 Hz modulation for square wave, sine wave, and sine-like optimal waveform (an inverted
waveform designed to minimize the generation of harmonics). The experimental results indicated
that the square wave modulation at 40% duty cycle generated the largest amplitude and that the
square wave at 20% duty cycle was the most efficient. Barr and Stubbe [1991b] found that the
efficiency of square wave modulation was slightly different, however. While 20% duty cycle was

the most efficient at 510 Hz, at 2010 Hz and 6010 Hz the efficiency monotonically decreased with
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increasing duty cycle. There have been other waveforms transmitted for the ELF/VLF wave gen-
eration such as the square-root-sinusoid and triangle waveforms. These waveforms have not been
analyzed from the aspect of efficiency improvement [Cohen, 2009; Agrawal and Moore, 2012].

Having summarized the effects of ionospheric and geomagnetic conditions, as well as the
effects of various HF transmission parameters on the received ELF/VLF signal amplitude, I now
progress to discuss analysis techniques.

1.3 Analysis Techniques

Two primary effects must be considered in order to properly analyze ELF/VLF signals ob-
served on the ground: 1) the formation of the ionospheric ELF/VLF current source by HF heating,
and 2) the propagation of the radiated ELF/VLF signal within the Earth-Ionosphere waveguide.
Conventionally, two separate models are employed to predict the ELF/VLF source formation and
the Earth-ionosphere waveguide propagation to test the understanding of source and waveguide
effects [e.g., Barr et al., 1987; Rietveld et al., 1987; Moore et al., 2007; Cohen et al., 2012b;
Gotkowski et al., 2013]. Although propagation properties within the Earth-ionosphere waveg-
uide are highly variable and frequency dependent, they cannot be directly controlled; as a result,
ELF/VLF wave generation efficiency studies focus on controlling the properties of the ionospheric
ELF/VLF current source. Carefully designed experiments are required to distinguish between
propagation effects and source effects.

A multitude of works successfully compare ELF/VLF observations to model predictions. Due
to the complexity of the models and their dependence of the ionospheric parameters (which can
vary widely, and are largely unknown), however, it is more desirable to experimentally isolate the
two contributions in order to simplify the modeling and to make the experimental measurement
more physically meaningful. This dissertation introduces and rigorously applies ELF/VLF time-
of-arrive (TOA) analysis to separate ELF/VLF source effects from waveguide propagation effects.

In the following sections, I review past experimental and analytical efforts related to this topic.
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1.3.1 Neutralization of Waveguide Propagation Effects

Because ELF/VLF propagation within the Earth-ionosphere waveguide is highly dependent
on frequency, it is difficult to derive ELF/VLF source properties based on observations at differ-
ent frequencies. For instance, depending on the ELF/VLF frequency employed, the amplitude of
the second harmonic may be observed to be larger than that of the fundamental. Under normal
circumstances, this is a waveguide propagation effect, with the frequency of the second harmonic
approaching one of the waveguide resonances. One possible way to neutralize the effect of the
waveguide is to normalize the received field or to compare it against a reference signal. For ex-
ample, Barr and Stubbe [1993] investigated the harmonics generated during ELF/VLF wave gen-
eration experiments. They normalized the amplitude of the third harmonic (at 3 kHz, generated
using a 1 kHz fundamental frequency, for instance) to the amplitude of the fundamental frequency
(at 3 kHz, generated using a 3 kHz fundamental frequency). The two transmissions were closely
spaced in time in order to avoid complications arising from a temporally changing ionosphere or
the temporally changing strength of the electrojet current. The normalized frequency content of
the radiated ELF/VLF wave nearly exactly matched the normalized frequency content of the trans-
mitted modulation waveform Barr and Stubbe [1993]. The harmonic ratio was used to calculate
heating and cooling time constants as well as the power law index of HF-to-ELF/VLF conversion.
Moore and Agrawal [2011] and Agrawal and Moore [2012] also normalized their observation by
supplying a reference signal at the same frequency. These cases successfully investigated multi-HF
beam heating under different power settings. The normalization was used to cancel waveguide and
electrojet strength variations with time. It was determined that continuous HF heating (in addition
to modulated heating) suppresses the received ELF/VLF amplitude and the degree of suppression
as a function of power was used to estimate electron densities in the D-region ionosphere.
1.3.2 Pulsed HF Heating

Pulsed HF heating experiments provide another means to isolate the ELF/VLF source effects
from waveguide effects. Stubbe et al. [1982] transmitted square pulses and observed the first

ionosphere response at 0.7-0.8 ms followed by weak signals for ~2 ms. The first signal was
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interpreted as line-of-sight (LOS) propagation from the ionosphere to the receiver, whereas the
following signals were interpreted as ionospherically reflected (IR) signals. The observation of
the pulse in the time domain separates the LOS signal from the IR signals and is advantageous
to simplify the model — without the Earth-lonosphere reflections. Using this advantage, Rietveld
et al. [1986] characterized the heating and cooling time constants with an exponential heating
model. Similarly, Papadopoulos et al. [2005] compared the LOS component of pulsed heating
observations against a conductivity modulation model and used a 3-D Green’s function to calculate
the temporal evolution of magnetic fields.

While there is certainly utility in pulsed HF heating experiments, the experimental obser-
vations represent only the initial reaction of the ionosphere to HF heating. For ELF/VLF wave
generation, the sinusoidal steady-state solution is the desired observation. The ELF/VLF TOA
analysis presented in this dissertation provides the desired sinusoidal steady-state solution.

1.3.3 Phase versus Frequency

A simplified version of the TOA analysis method discussed in Chapter 2 consists of estimat-
ing the group delay of the received ELF/VLF signal by differentiating the received signal phase
with frequency. Stubbe et al. [1981] and Rietveld et al. [1989] applied this method to determine
the group delay (as a function of modulation frequency) of the ELF/VLF signal generated using
a linear frequency-time modulation format. Using the calculated group delays, they estimated
ELF/VLF source heights that varied rapidly as a function of frequency between 60 and 130 km.
The largest fluctuations occurred near Earth-ionosphere waveguide resonances. It is likely that
these fluctuations occurred because simply differentiating the phase with frequency does not iso-
late the LOS and ionospherically-reflected signal components. Riddolls [2003] applied essentially
the same method to the ELF/VLF harmonics generated during the HF heating process, and found
similar results. In the context of this dissertation, the effective source altitudes determined by
Stubbe et al. [1981], Rietveld et al. [1989], and Riddolls [2003] are contaminated by ionospheri-

cally reflected signal components.
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1.3.4 Time of Arrival Analysis

The time of arrival analysis presented herein provides a means to isolate LOS and IR sig-
nal components. The analysis produces bandwidth-averaged amplitude, phase, and propagation
delay measurements. In Chapter 2, we demonstrate that this decomposition provides an accurate
measurement of the ELF/VLF source phase, and in Chapters 3, 4, and 5, we demonstrate how
this knowledge can be used to optimize the ELF/VLF signal amplitude received at an individual
receiver site. Similar analysis techniques can be used to optimize ELF/VLF excitation of the Earth-
ionosphere waveguide or to optimize ELF/VLF injection into space, assuming high frequency res-
olution TOA analysis can be provided. The combination of high frequency resolution and TOA
analysis is beyond the scope of this dissertation. Nevertheless, the ability to derive information
regarding ELF/VLF source phase distribution and the ability to manipulate that distribution is of
critical importance to all three goals. Through the application of TOA analysis, this dissertation
demonstrates both capabilities.

1.4 Scientific Contributions

The scientific contributions of this dissertation are as follows:

1. The ELF/VLF time-of-arrival (TOA) analysis method is introduced as an effective means
to separate line-of-sight (LOS) signal components from ionospherically-reflected (IR) signal
components received at an individual ELF/VLF receiver. It is demonstrated that TOA analysis
identifies the maximum altitude of the dominant ELF/VLF source generated by modulated HF
heating. By separating the the multi-path signal components, the ELF/VLF source effects are
successfully separated from Earth-Ionosphere waveguide propagation effects.

2. Using TOA analysis, the parameters that affect ELF/VLF waves generated using beam painting
(BP) and geometric modulation (GM) are experimentally quantified for the first time. By
decomposing the spatial distribution of the ELF/VLF source, the HF heating area is identified
as the most important effect on received ELF/VLF amplitude. Conversely, the distribution of

source phasing is identified as the effect most detrimental to the ELF/VLF amplitude. Based on
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the experimental observations, simple modifications to the spatial heating pattern are suggested
to increase the received ELF/VLF amplitudes.

The effect of modulation duty cycle on ELF/VLF wave generation is quantified as a function
of source location. It is determined that perceived heating and cooling rates derived from these
measurements are dependent upon the source location relative to the receiver location.

A method to optimize the HF beam painting pattern, maximizing the ELF/VLF signal ampli-
tude at a given receiver location, is demonstrated. The optimization incorporates experimental
observations made for 8 heating locations and accounts for the effective duty cycle, source

area, and source phasing.
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CHAPTER 2
ELF/VLF WAVE GENERATION MECHANISM AND THE TOA METHOD

This chapter reviews the basic physical mechanism for ELF/VLF wave generation by modu-
lated HF heating of the ionosphere and describes how it is adapted to the TOA technique that will
be used throughout this dissertation. The important physical processes and HF heating parameters
are discussed to provide a context within which interpret the TOA measurements. In addition,
the TOA timing accuracy and resolution are discussed together with physical and mathematical
limitations.

2.1 ELF/VLF Wave Generation Mechanism

The cartoon diagram shown in Figure 2-1 depicts the process of ELF/VLF wave generation
by HF heating of the lower ionosphere. At HAARP, using the 12 x 15 element array with 3.6 MW
input power, an HF broadcast for ELF/VLF wave generation typically has a center frequency of
~3—6 MHz, an ERP of 0.1-1 GW, and illuminates an area of ~25 km by ~20 km at ~80 km
altitude. As the HF wave propagates upward, it interacts with the ionosphere, and the wave en-
ergy is absorbed between ~60-100 km altitude, the so-called D-region. The wave absorption is
significant in the D-region due to the high collision frequency (~1 MHz). The physical process
of ELF/VLF wave generation is broken up into several parts: HF wave propagation and absorp-
tion in the D-region ionosphere, the modulation of ionospheric conductivities, the modulation of
the auroral electrojet currents at ELF/VLF frequencies, and the resulting radiation of ELF/VLF
waves.

2.1.1 The Ionosphere

The ionosphere is a plasma medium containing electrons, ions, and neutral particles which are
ionized by the radiated energy from the sun. The structure of the ionosphere from 80 km to 400 km
is shown in Figure 2-2. The distributions of ionospheric constituents are provided by ionospheric
models: the International Reference Ionosphere (IRI) and MSIS-E-90 Atmosphere Model for the
ionized and neutral particles. These data are available online [Bilitza, 2012]. The ionospheric

structure varies as a function of time (e.g, day or night), season (e.g, summer or winter), and
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Figure 2-1. A cartoon diagram of the ELF/VLF wave generation mechanism.

location (e.g, latitude and longitude). The structure shown in the Figure 2-2 is for 8 October 2002 at
12:00 UT at coordinates 62° North and 145° West. This location corresponds to HAARP’s location
at a local time of 3:00 am. Figure 2-2(a) includes the densities of electrons, neutral molecules, and
neutral atoms. The electron, neutral, and ion temperatures are shown in the Figure 2-2(b).

The regions of the ionosphere are typically classified as the D-region (50-90 km), the E-region
(90-140 km), and the F-region (above 150 km) [Davies, 1990], although these definitions are not
strict. Generally speaking, the F-region has the highest electron concentration and temperature
because it is affected most by the sun’s radiation. At lower altitudes, the electron density decreases.
On the other hand, densities of neutral molecules and neutral atoms increase at the lower altitudes
resulting in the D-region being a high collisional region.

The electron-neutral and electron-ion collision frequencies are shown in Figure 2-2(c) to-
gether with the total of the two collision frequencies. These values are calculated from the data
shown in Figure 2-2(a) and (b) using a simple model [Ratcliffe, 1959]. Electrons collide with heavy
particles such as ions, molecules, and atoms; because of these collisions, the wave is absorbed

as it propagates through the collisional plasma medium. At higher altitudes, the total collision
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Figure 2-2. (a) Density of electrons and neutral particles, (b) Electron and neutral temperature, (c)
Electron-neutral, electron-ion, and total collision frequencies.

frequency is dominated by electron-ion collisions, whereas in the D-region ionosphere, electron-
neutral collisions dominate.
2.1.2 Refractive Index

The refractive index, n, determines the rate of absorption within the D-region ionosphere.

With the refractive index, a general solution of the wave equation takes the phasor form of (in the

case of E-field propagating in the positive z direction),

E = Ege /mPozeior (2-1)

where Ej is the amplitude of the electric field, fy is the free-space wave number, and ® is the
angular frequency of the wave. The refractive index can take a complex form, defined as n =

W — jx. By substituting the complex form of the refractive index in to Equation 2—1, it becomes,

E— Eoe*%ﬁoze*jﬂﬁozej(m (2-2)
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The fields are thus attenuated along the direction of propagation due to the imaginary part of the
refractive index. In turn, the wave power is absorbed by the medium that the wave propagates
through. The refractive index is determined by the Appleton-Hartree equation [Ratcliffe, 1959],

X
n=1- (2-3)

a7 Y2in’@ Y4sin* @ 2 2
1—jZ 2(1XjZ)i\/4(1—x—jz)2+Y cos- O

where the sign of the radical in the denominator determines the mode of propagation: + is for the
ordinary mode (O-mode), and — is for the extraordinary mode (X-mode). ® is the angle between
the wave k-vector and the Earth’s magnetic field, and

oy e v

y=Qe 7V (2-4)

X = N
w?’ 0} 0}

where wy is the plasma frequency, w., is the gyrofrequency, @ is the angular frequency of the

wave, and V is the collision frequency. Individually, wy and .. are defined:

2

2 NeQe
Wy = ——

Eomi, ne

(2-5)

where N, is the electron density, ¢, is the electron charge, & is the permittivity in free space, m, is
the electron mass, and B is the magnitude of the Earth’s magnetic field. Using the electron density
shown in Figure 2-3, wy is on the order of 5 X 10° rad/s (0.8 MHz) for the D and E region, and
5 x 107 rad/s (8 MHz) for the F region. Meanwhile, @, is on the order of 9.5 x 10° rad/s (1.5 MHz)
where the Earth magnetic field is ~ 50 uT.

The refractive index is calculated using Equation 2-3 for a 3 MHz X-mode HF wave. The
results are shown on log scale in Figure 2-3, where the real part of the refractive index remains
close to 1 in the D and E-regions, implying that the HF wave propagates through without significant
reflection. In this electron density profile, the refractive index goes to 0 and reflects the HF wave
at ~245 km (not shown). Meanwhile, the imaginary part of n is largest at ~90 km altitude and

decreases at higher altitudes, indicating that most of the absorption occurs in the D-region.
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Figure 2-3. Real and imaginary components of the refractive index, n.

The absorbed HF waves energize the electrons and can increase their temperatures well be-

yond ~1000 K. It is this heating process which enables the modulation of ionospheric conductivi-

ties.
2.1.3 Ionospheric Conductivity Modification

The ionosphere is an anisotropic medium due to the presence of the Earth’s magnetic field,

and the conductivity is represented as a tensor. The conductivity tensor can be expressed as:

Op —Ofy 0

Qu
I

Oy Oop 0 (2_6)
0 0 O'H

where (when the collision frequency, v, is constant):
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Op, Oy, and of denote the Pedersen, Hall, and parallel conductivities, respectively. Using the
electron density profile in Figure 2-2, op is on the order of 1 x 10~/ S/m, and oy and 0| are on
the order of 1 x 1076 S/m.
The conductivities are dependent on the collision frequency, v, and we assume V o energy.
The ionospheric conductivities are thus modified by changes in electron temperature. Equations 2—
7 — 2-9 are derived assuming a constant v, however. Accounting for an energy-dependent v, the
ionospheric conductivities are, as expressed by Tomko [1981]:
A . q; (= U 3dfep
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dv, (2-12)
where U is 1 — jZ, v, is the electron thermal velocity where v is proportional to v2, and Jeo 18
the electron energy distribution function, which we assume remains Maxwellian throughout the
heating process. The ionospheric conductivities are modified by heating the D-region ionosphere
with HF waves. If the HF signal is modulated at an ELF/VLEF rate, the ionospheric conductivities
are modulated according to that rate. In the next section, I discuss the ELF/VLF source created by
the modulated ionospheric conductivity.

2.1.4 ELF/VLF Source Currents

In the presence of an external electric field, the conductivities that are modified by HF heating

form an ELF/VLF current source. The relationship is expressed by Ohm’s law:

~
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Qu
T

(2-13)



where J is the current density, G is the conductivity tensor, and E is the external electric field.
The modulated conductivities thus create an oscillating ELF/VLF current density, J. In the
polar regions, where ELF/VLF experiments are typically performed, the electric field exists in
the ionosphere as the so-called auroral electrojet electric field. The typical strength of the elec-
tric field is on the order of 5-100 mV/m [Baumjohann, 1982; Payne et al., 2007]. The resulting
ELF/VLF current density serves as an ELF/VLF source that radiates an electromagnetic wave [Bal-
anis, 1989]. This dissertation is primarily concerned with the generated ELF/VLF magnetic flux
density B. To find the expression of the magnetic flux density, I start with forming the ELF/VLF

current source, J, shown in Equation 2—13. Equation 2—13 is expanded in a matrix form,

Jx Aop —Aocy O E,
Jy = | Aoy Aop 0 Ey (2_14)
J; 0 0 AGH E,

where Aoy is the modulated Hall conductivity, Acp is the modulated Pedersen conductivity, and
Ao is the modulated parallel conductivity. From Figure 2-4, E, and Ey are described by the

magnitude and direction, that is

E, = |E|sin6
(2-15)
E, = |E|cosO
Thus, the modulated elecrojet current becomes
Jx Aop |[E|sin@ — Aoy |E| cosO
Jy | = | Aoy |E|sin6+ Aop |E|cos0 (2-16)
JZ AGHEZ

The current source, J, is a horizontal dipole due to the lack of contribution of J, because E, = 0.
If we account only for the LOS signals with an image source over the Earth’s ground and assume

that the Earth’s ground is a perfect conductor, the image source, Jinqg, 18
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Figure 2-4. North-South and East-West coordinates mapped onto x and y coordinates. |E| is the
electrojet electric field magnitude, and 6 is the elecrojet electric field direction relative
to North. The +z direction (out of the page) coincides with increasing altitude.

Jimag =—J (2_17)

Jimag 18 located at the opposite side to the real source over the ground plane and is equally distanced.

The radiated magnetic field including the image source is expressed as, [Balanis, 1989, p. 283]

H 1+ jBoR _;
Be= o ) [e=2) = (242) dyimag] —p5—¢ IR g/ (2-18)
K 1+ jBoR _;
By = E v [_ (Z_Z/) Ji+ (Z‘f‘Z/) Jx,imag} Toe JBORdV, (2-19)
14+ 7BpR _
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where J imag and Jy, jmqq are the image current densities for x and y direction, f3 is the wave number,
z is the location of the observation, 7’ is the location of the source, R is the distance between the
source and an observation point, and V' is the volume of the source to integrate. If the source is
located at the height, A, with the effective volume of AV, the horizontal magnetic field observed at

the ground is expressed as, by expanding Equation 2—18 with Equation 2—-19,

_H ~iPoR
By =~ _hly———e PRay (2-21)
ou, 1T+ jBoR _pg
By = —o il AV (2-22)
B.=0 (2-23)

Inserting Equation 2—16 to Equation 2-21 and 2-22 yields,

R h 1+ jBoRp _;
B =M s IE| me)M ~iboRn py _ HP Acp|Eycos9$eﬂﬁoRPAv (2-24)
2n RH 2n >
and
R h 1+ jBRy _;
B, = *P Aoy | s neﬂ—ﬁ” ~iboke Ay — MM £ \E\coseﬂ—f’“’eﬂﬁoRHAv (2-25)
2n RP 2n Ry

where hy and hp are the source heights of the modulated Hall and Pedersen conductivities, Ry and
Rp are the distance between the source of the conductivity modulation and the observation point
for Hall and Pedersen. Using the coordinate in Figure 2-4, B, and B, are measured by North-South
(NS) and East-West (EW) antenna respectively. Due to the two different sources of the modulated
Hall and Pedersen conductivities, and the direction of the electrojet electric field, NS and EW
observations are expected to be somewhat different.

The TOA measurement is not able to discern the sources of the modulated Hall and Pedersen

conductivities due to the limited time resolution, although it is an interesting problem that may be
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resolved in the future. The TOA measurement indicates the combined effects of the two sources,
however, it is likely dominated by the modulated Hall conductivity modulation. The past liter-
atures have shown that the Hall conductivity modulation dominates the Pedersen modulation in
ground-based observations [Rietveld et al., 1986; Moore, 2007]. Throughout the observations of
this dissertation, the TOA measurement assumes one effective ELF/VLF source.

The equations above describe a magnetic field over an ground plane that propagates directly
from the source, the so-called line-of-sight (LOS) path. This signal is typically the largest com-
ponent of the TOA measurement for receivers within ~200 km of HAARP. Other components not
expressed above are called ionospherically reflected signals, which reflect at the Earth’s ground and
the D-region ionosphere and reaches the VLF antenna on the ground. The TOA method separates
these signals by their difference in arrival time, allowing us to simply model the LOS signal and
focus on ELF/VLF source excitation. While the sum of all ionospherically reflected components
represents the effects of the Earth-Ionosphere waveguide, the LOS signal component is considered
to be independent of the Earth-ionosphere waveguide. Although this dissertation focuses on the
LOS signal component, it is important to review the ionospheric wave reflection process for better
understanding of the TOA measurement.

2.1.5 ELF/VLF Reflection in the D-region Ionosphere

It is well known that ELF/VLF waves reflect at an altitude of ~60-100 km in the D-region
ionosphere and propagate between the ionosphere and the ground [e.g, Lewis et al., 1973; Rietveld
et al., 1986]. The reflection process is complicated given the large ELF/VLF wavelength and the
slowly varying ionospheric medium. In this section, I roughly estimate the reflection height using
the refractive index given in Equation 2-3 as introduced in [Ratcliffe, 1959].

One of conditions where the reflection of a vertically incident wave occurs is that the refractive
index, n, is equal to zero. When the refractive index is equal to zero, the wave field can not
propagate because it becomes an evanescent wave (Equation 2-2). At 10 kHz, the refractive index
is zero at an altitude of ~120 km. However, when Z > 1 (Equation 2—4), the reflection occurs due

to a rapid change of the imaginary part of the refractive index, y, below the altitude where u = 0.
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Figure 2-5. Plasma parameters at 3 kHz.

The rapid change occurs at an altitude where X ~ Z. The ionosphere acts like a dielectric below
that the altitude and a conductor above that altitude. At 10 kHz, X ~ Z at an altitude of ~82 km,
as shown in Figure 2-5.
2.2 ELF/VLF Time-of-Arrival (TOA) Analysis Method

The goal of the TOA method is to estimate the amplitude and phase of ELF/VLF waves
arriving at the receiver as a function of time in such a way as to reveal characteristics of the
ELF/VLF wave source region. As Payne et al. [2007] demonstrated, this is not possible using a
single-tone modulation frequency. Instead, we utilize a frequency-time ramp modulation format,
typically, from 1 kHz to 5 kHz over 4 seconds. This type of signal is broadly known as Frequency
Modulated Continuous Wave (FMCW) in radar applications [e.g., Barrick, 1973; Schuster et al.,
2006] and is commonly referred to as “chirp” modulation.

This particular modulation format is selected due to the relatively simple analysis that results.
The linear frequency-time ramp has an approximately flat response in the frequency domain. Also,
because the received signal is between ~1-5 kHz, the combined effects of conductivity modulation
and LOS propagation is expected to have an approximately flat frequency response. The conduc-

tivity modulation decreases with the reciprocal of the modulation frequency after ~1.5 Hz [Stubbe
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et al., 1985], and LOS propagation (Equation 2-21) increases as the modulation frequency in-
creases. These two effects essentially cancel to provide the flat response. The bandwidth of the
ramp is chosen to be broad enough to extract the LOS signal in the presence of ionospherically
reflected signals.

The bandwdith of the frequency ramp is chosen to be around or broader than 4 kHz in order
to separate the multipath components. The time resolution as a function of bandwidth is discussed
in Section 2.3.2. The FMCW waveform can be replaced by Frequency Stepped Continuous Wave
(FSCW) as long as the reciprocal of the frequency interval is much greater than the propagation
delays. The greater the number of frequency steps taken, the more robust the system is to noise.
To maximize the noise performance, this dissertation focuses on the FMCW chirp.

The time-dependence of the modulation frequency provides a means to differentiate between
signals arriving at different times: the impulse response of the system may be directly calculated
from the observations, providing a time-domain estimate of the multi-path propagation delays and
other signal properties. It should be noted at this point that the ELF/VLF wave generation process is
inherently nonlinear, whereas the TOA analysis method presented is linear. For instance, ELF/VLF
harmonics at modulation frequencies that are not transmitted are regularly observed in ELF/VLF
recordings. The implementation of the TOA analysis first separates the received ELF/VLF harmon-
ics and considers them individually. Additionally, because ELF/VLF wave generation is nonlinear
with HF power and significantly varies with HF frequencies and polarizations, it is expected that
the calculated impulse response applies only for a given HF power, frequency, and polarization.
Lastly, because different modulation waveforms produce different harmonic content when driving
the 1onospheric conductivity modulation, we do not expect the calculated impulse to apply to all
modulation waveforms. Instead, the intent is to interpret a given TOA impulse response to yield
information about the ELF/VLF source region for a given set of transmission parameters.

I begin by expressing the time-averaged Poynting flux of the HF transmission as the sum of

harmonic components:
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(P(t)) = ; (P,(1)) = ;An cos (27m ( for+ %tz + ¢0n>) (2-26)

where (P,(t)) represents the time-averaged Poynting flux of the n™ harmonic, f; is the initial fre-
quency of the ramp, and Af is the slope of the frequency-time ramp. A, and ¢, are the amplitude
and phase of the n™ harmonic, both of which are assumed to be constant with frequency in this
work.

For a given harmonic, the received signal may be expressed as:

ra(t) = (Pa(2)) % gn(t) * p(t) = (Ba(t)) * () (2-27)

where g, (1) is the effective impulse response converting HF power to ionospheric current modula-
tion for the n'™ harmonic, p(t) is the impulse response characterizing ELF/VLF wave propagation
to the receiver, and * denotes convolution. TOA analysis finds /,(¢), the effective impulse response
combining the effects of current generation and wave propagation for a given harmonic.

The total received ELF/VLF signal, R(¢), may thus be expressed as:

A
R(t) = Z {Ancos (27tn (fot + Tftz) —I—(])0n> N(t/T—1/2) *hn(t)} M(t/T —1/2)11(Fyr)
n
(2-28)
where T is the duration of the frequency-time ramp, Fj is the sample frequency of the data acqui-

sition system, and I and III are defined as:

1 Jt]<3

n(t) = (2-29)
0 |t|>1

l(r) = i o(t—n) (2-30)

The processing of the n™ harmonic begins by mixing-down and filtering the received signal.

The mixing kernel for the n™ harmonic may be expressed as:

mn(r) = &) 0y (2-31)
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b(t) is, typically, the 100-Hz bandwidth low-pass filter, implemented using a 2000-tap,
Kaiser window. After applying the low pass filter, b(¢), the base-band signal is mixed-up to its
original frequency range using the complex conjugate of my,(t), and the real component of the

resulting complex-valued signal represents the isolated n™ harmonic.

The isolated n™ harmonic of the frequency-time ramp, y,(¢), may then be described:

(1) = RA[(R()ma(t)) *b(2)]my, (1) } (2-32)

The impulse response, /,,(¢) (complex form of /,(t)), is calculated by Fourier analysis, using y,(t)

as the output signal and x,(¢) as the input signal:

xu(t) = cos (27tn ( fot + %tz) > M (/T —1/2)11(Fyt) (2-33)
= [Fho ()

where .# denotes the Fourier transform and .# ~! denotes the inverse Fourier transform. Note
that AfT represents the full bandwidth traversed by the frequency-time ramps. The rectangular
window is applied here for only a positive component for a simpler interpretation (explained in

details later). Then, /1, (¢) reduces to:

() = An ()79 5 {eﬂ”fcfsmc(nm f1)nTA f} (2-35)

where A, (¢) and ¢, (¢) represent the bandwidth-averaged amplitude and phase of the received signal
as a function of time, and f; is the center frequency of the frequency-time ramp. Assuming far-
field propagation, ¢,(¢) is equal to the phase of the dominant ELF/VLF current source, whereas
Ap(t) depends on both the amplitude of the dominant ELF/VLF current source and the distance
from the ionospheric source to the receiver. Here, &,(t) is complex-valued in order to directly
assess the phase ¢,(¢). This result is achieved by eliminating the negative frequency components

in Equation 2-34 [Gabor, 1946].
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TOA: Positive and Negative Frequency Component
2246:00 - 2248:30 UT on 29 July 2008
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Figure 2-6. A comparison between TOA observations (left) and convolved sinc functions(right).
The blue lines use only positive frequency components whereas the red lines use both
positive and negative frequency components.

An example of (complex-valued) /,(¢) and (real-valued) /,(t) is shown in Figure 2-6. As
seen in Equation 2-35, the TOA result consists of the complex-weighted sum of sinc functions.
Each signal arriving at the receiver at different times is convolved with a sinc function and forms
the TOA result. Figure 2-6 also compares TOA results for calculations performed using only
positive frequency components and those performed using both positive and negative frequency
components. While the combined frequency form produces a narrower main lobe, it does not di-
rectly provide phasing information (it is entirely real-valued). Additionally, the positive-frequency
(complex-valued) /1, (¢) represents the same information as the combined-frequency (real-valued)
hu(t), due to conjugate (Hermitian) symmetry [Boashash, 2003]. The complex-valued form of
h,(t) is used throughout this work.

As can be seen in the Equation 2-34, I apply a rectangular window in the frequency domain
and transform it to the sinc function in the time domain. A different window can be used, such as a
Hamming or Kaiser window, whose side lobes are suppressed to a greater extent than those of the
rectangular window. However, the main lobe of the rectangular window is the narrowest of all. In

this dissertation, the rectangular window is used to maximize the capability of separating multipath
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signals in time. The width of the sinc function is determined by the bandwidth of the frequency
ramps, AfT, and it dictates the TOA properties such as the timing accuracy and resolution.

2.3 TOA Properties
2.3.1 Timing Accuracy

One main concern regarding the TOA method is the timing accuracy of the detected peak
amplitude. The effective impulse response is a sampled version of the continuous impulse response
convolved with a sinc function whose width is determined by the bandwidth of the transmission.
While the detected peak amplitude may be interpolated in time using standard Fourier techniques,
the detected peak amplitude may not exactly coincide with the timing of the actual peak amplitude
incident upon the receiver, due to convolution with the sinc function. To assess this accuracy,
we calculate the Cramér-Rao Lower Bound (CRLB) [Schuster et al., 2006, and reference herein]
using the output of a modulated HF heating model that predicts the time distribution of amplitude
and phase generated by modulated HF heating of the lower ionosphere. We now describe the HF
heating model and how it is used to calculate the CRLB.

The HF heating model employed was developed by Moore [2007], and it requires as input
the HF frequency, modulation frequency, and HF power. Electron temperature and density pro-
files, together with molecular nitrogen and molecular oxygen density profiles, are also provided
as input. We apply the electron density profiles used in previous ELF/VLF studies [e.g., Lev-Tov
et al., 1995; Moore, 2007; Agrawal and Moore, 2012] and the rest of the ionospheric parameters
are available in the MSISE-90 Model on the website at http://ccmc.gsfc.nasa.gov/modelweb/. Us-
ing this input, the model computes the modulated conductivities (Perdersen, Hall and Parallel) at
each 1 km grid in 3-D rectangular coordinates. The model assumes a constant electrojet electric
field parallel to ground throughout the D-region ionosphere to predict the magnetic field incident
upon a given receiver location as a function of time assuming free-space propagation [Payne et al.,
2007]. For example, the model may be used to predict the amplitude and phase of the magnetic

field incident upon a receiver as a function of time using a modulation frequency of 2.5 kHz, an
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Figure 2-7. The Cramér-Rao Lower Bound (CRLB) of the standard deviation of the time delay for
the peak amplitude computed by the HF heating model.

HF power of 85.7 dBW, and an HF frequency of 3.2 MHz (with X-mode polarization). The prop-
agation model employed neglects Earth-Ionosphere waveguide effects, however. For the receiver
locations used in this work (each less than ~100 km away from the HAARP transmitter), this as-
sumption is reasonable as has been demonstrated by Payne et al. [2007], which showed excellent
agreement between simple ray-tracing and full-wave modeling results at these distances. Apply-
ing the TOA technique to the predicted magnetic field time series, I was able to assess the timing
accuracy of my peak TOA measurement. Each time bin has three unknown parameters: ampli-
tude, phase, and time delay. We create the Fisher information matrix [Schuster et al., 2006, and
reference herein] which may be used to directly compute the CRLB for different white Gaussian
Noise levels. Figure 2-7 shows the CRLB of the standard deviation of the time delay for the peak
amplitude in the model as a function of the signal-to-noise ratio (SNR). Typically, the SNR of our
observations is 5 dB or higher, and Figure 2-7 indicates a best-case accuracy of ~1 usec at 5 dB
SNR. While model predictions using other ionospheric profiles may yield slightly different results

than presented here, we expect the ~1-usec accuracy figure to be generally representative of the
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accuracy of the TOA measurement. Although ELF/VLF data is also sensitive to impulsive noise
(from lightning, for example) and to power line radiation in the ELF/VLF range, the CRLB is still
a reasonable benchmark for timing accuracy, since we can increase integration period to reduce
the noise, or I can just avoid a particular impulsive noise or frequency bandwidth. In addition to
the error factors discussed above, there is a 27.5+2.5 usec transmission delay due to the HAARP
transmission and £30 nsec GPS timing accuracy, which have been accounted for in our analysis.

To experimentally evaluate the SNR of the measurement, I perform the same TOA analysis
on the data set starting with an offset of a half period of the frequency-time ramp. I do not expect
HAARP-generated ELF/VLF waves to contaminate this measurement, yielding an effective mea-
surement of the noise floor. From among the many noise-floor measurements that the TOA analysis
produces, I pick the peak noise measurement as the noise floor. As an example, Figure 3-2 in the
next chapter exhibits an approximate SNR of ~12 dB (marked with a horizontal line) for the peak
amplitude at Sinona Creek and an approximate SNR of ~25 dB (marked with a horizontal line) for
the peak amplitude at Milepost 71, both evaluated using 2.5 minutes of data. The nulls in the noise
line may be caused by hum noise interference. I note that the SNR of the measurement increases
significantly by repeating the frequency-time ramps for a few minutes.
2.3.2 Timing Resolution

Although the timing accuracy is not significantly limiting, the time resolution of the TOA
method is more significant. The time resolution of the TOA method is determined by the recip-
rocal of the modulation bandwidth, which is, for example, ~333 usec with 3 kHz bandwidth of
frequency analysis. The propagation time difference between the LOS and the first ionospherically
reflected (IR) path is approximated to ~450 psec with D-region ELF/VLF wave source and reflec-
tion height, if we assume a speed-of-light propagation. This time difference is far apart enough to
resolve the two signals, however, the measured results may be distorted by convolution with a sinc
function which is introduced by a rectangular window in Fourier analysis.

To precisely extract the signals, I apply two different deconvolution methods: 1) the CLEAN

method, and 2) an exhaustive least square error search algorithm. The CLEAN method iteratively
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Figure 2-8. (a) Example of the TOA observation at Paradise’s EW antenna for 1-6.5 kHz with 5
pulses. (b) Time delay, amplitude, and phase of LOS signal as a function of the number
of signals (V).
subtracts a portion of the largest amplitude signal from the TOA observations until the noise floor is
reached [Segalovitz and Frieden, 1978]. The CLEAN method thus decomposes the observed TOA
into a series of complex-valued & functions. Fujimaru and Moore [2011] reported an excellent
match with a model result shown in Figure 3-3 in the next chapter. However, the CLEAN method
cannot estimate each signal accurately if the largest amplitude signal has been distorted by other
signals spaced closely in time. This distortion occurs when the LOS and IR signals arrive close
in time relative to the time resolution determined by the bandwidth of the transmission. The time
separation becomes smaller as a receiver site is further away from the source region. To solve this
issue, the least square error search algorithm is typically applied.
The exhaustive least square error search algorithm is applied to deconvolve N pulses (ampli-
tude, phase, and arrival time for N different paths) that best match observations. The algorithm
scans combinations of N pulse arrival times, and calculates amplitudes and phases at each time

combination in a least square sense. The pulses are convolved back with the sinc function and
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Least Square Error Search Algorithm: Different Bandwidth
Paradise EW: 06:24:00 - 06:24:30 UT on 16th March 2013
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Figure 2-9. (a) TOA observations analyzed using different bandwidths. (b) Percentage of success-
ful analyses using the least square error search algorithm as a function of bandwidth.
Color indicates SNR.

compared with the original TOA observations using L-2 norms. The deconvolved pulses are the
ones that give the least error. Choice of N is depend on a user’s interest.

The relationships between N and the extracted pulses are plotted in Figure 2-8. Figure 2-8(a)
is a TOA observation at Paradise’s EW antenna with 1-6.5 kHz ramp. The blue trace is the TOA
observation, and the red circles are the extracted signal in 5 different paths (N = 5). Starting from
the earliest arriving signals, they indicate LOS, the 1st IR, 2nd IR, and so forth. Figure 2-8(b) is the
propagation delay, amplitude, and phase of the LOS signal as a function of N, where N is a number
of signals to extract. Each quantity converges as N increases. The larger N provides more accurate
solution, however, at the cost of significantly more computation time. Typically, N = m+ 1 yields
a satisfactory result where m indicates the desired signal component to be analyzed.

It is worth noting that the result of this least square method depends on the bandwidth and
SNR. In order to investigate the distribution of the results with different bandwidths and SNRs, the
least square method is performed with the observations of the frequency ramp between 1-11 kHz.
To see the effects of the bandwidth, I use the frequency windows of 1-11 kHz, 2-10 kHz, 3-8 kHz

and so on, so that the frequency bandwidth changes but the center frequency stays the same to
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Least Square Error Search Algorithm: Error Analysis
Paradise EW: 06:24:00 - 06:24:30 UT on 16th March 2013
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Figure 2-10. Variances of pulses ((a) amplitude, (b) phase and (c) propagation delays) deconvolved
using the least square error search algorithm as a function of SNR. Color indicates
bandwidth.

compare approximately the same average signal. To see the effect of SNR, I added noise to the
observations to falsely set the SNR to a certain value in post-processing. The noise is taken during
ambient times when the ramps are not transmitted. The raw observation has 40 dB SNR which will
be the maximum SNR considered here. For a given frequency windows and SNR, the least square
method was applied for 100 trials where at each trial noise is added taken from different ambient
times. The results of this analysis are shown in Figure 2-9 and 2-10.

Figure 2-9(a) plots the TOA observations of the different bandwidths with ~40 dB SNR. The
width of the main and side lobes is wider at narrow bandwidth. With 1 kHz bandwidth, the LOS
and the 1st IR signals are not resolved as two separate peaks. Figure 2-9(b) shows the success rate
of the least square algorithm with 100 trials at different SNR and bandwidths. The least square
algorithm does not provide a reasonable solution when the combination of the arrival times is not
sensitive enough to fit to the observation. This occurs more often with lower SNR and narrower
bandwidth. 1 kHz bandwidth is impractical for the least square method.

Figure 2-10 shows the variance of the least square algorithm for LOS amplitude, phase and
arrival time as a function of bandwidths and SNR. With higher SNR and broader bandwidth, the

variance is smaller. For 40 dB SNR, the standard deviations of the amplitude, phase, and arrival
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times for 3—10 kHz bandwidth vary only from ~0.012-0.039 pT, ~0.5-2°, and ~0.35-1.0us re-
spectively. With 30 dB SNR, the standard deviations of the amplitude, phase and arrival times for
3-10 kHz bandwidth vary only by ~0.03-0.1 pT, ~1.5-6.0°, and ~1.0-2.51Ls respectively. Most
of the TOA observations presented in this dissertation has either high enough SNR (>40 dB) for
a narrower bandwidth (3 kHz) or broad enough bandwidth (>4 kHz) for a lower SNR (~30 dB),
whose error margins are less than 6% for the amplitude, less than 3° for the phase, and less than 2

for the arrival times. This small error would not affect the analysis presented in this dissertation.
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CHAPTER 3
EXPERIMENTAL VALIDATION OF THE TOA METHOD

In this chapter, I will demonstrate that the TOA technique is a valid measurement by compar-
ing the experimental TOA observations with the amplitudes predicted by the HF heating model.
Furthermore, TOA analysis is applied to observations performed during simple experiments: the
results demonstrate that the TOA ELF/VLF source polarization and the TOA ELF/VLF source
amplitude as a function of modulation frequency behave as expected for simple experiment ge-
ometries. Additionally, TOA analysis is applied together with a differential spatial analysis to
experimentally detect the spatial distribution of ELF/VLF source phasing.

Some of the materials presented in this chapter have been published [Fujimaru and Moore,
2011].

3.1 TOA Observations versus Model Predictions

HAARP experiments designed to validate TOA analysis were performed on 29 July 2008
Universal Time (UT). During the experiment, a 7 X 7 element sub-array radiated a 3.2 MHz (X-
mode) HF beam modulated with a linear chirped frequency format between 1 and 5 kHz over
a period of 4 seconds. The frequency-time ramps were repeated sequentially for 150 seconds.
Observations were performed at the ELF/VLF receiver systems that consist of two orthogonal
air-core magnetic loop antennas oriented to detect the horizontal magnetic field at ground level,
a preamplifier, a line receiver, and a digitizing computer that samples at 100 kHz with 16-bit
resolution. The receivers are sensitive to magnetic fields with frequencies between ~300 Hz and
~45 kHz. The locations of the ELF/VLF receivers used throughout this dissertation are mapped in
Figure 3-1.

Figure 3-2 shows the TOA observations at Sinona Creek (SC) and Milepost 71 (MP71) on
the North-South (NS) antenna together with the approximated noise floor, demonstrating that the
transmission sequence may be used to produce observations with significant SNR (~12 dB at SC
and ~25 dB at MP71). Figure 3-3 compares these same observations with model predictions. The

solid blue lines are experimental observations, the solid red traces are the predicted amplitudes
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Figure 3-1. Map showing the locations of ELF/VLF receiver sites deployed between 2009 and
2013 for experiments relating to HAARP.

as a function of time (without processing, but including ionospheric reflection) with the reflection
height set at 65 km and the effective reflection coefficient set at 0.3/150°, and the dashed red
lines represent the predicted amplitudes as a function of time (following TOA processing). The
solid green spikes in Figure 3-3 are derived using the CLEAN method. I interpret earlier arrival
times (e.g., ~573 u seconds at SC and ~673 u seconds at MP71) as the result of line-of-sight
(LOS) propagation, whereas I interpret later arrival times (e.g., ~900 u seconds at SC and ~1.04
milliseconds at MP71) as the result of the ionospherically reflected (IR) propagation.

Figure 3-3 shows that the modeled LOS signals reasonably matches the observed TOA at
both SC and MP71. The TOA of the IR components at MP71 also closely match the timing of
the model results, although at SC, the model and observed data are not aligned in time. This is
possibly due to the low SNR of the IR component in SC data (Figure 3-2). It may also be possible
that the IR components observed at SC and MP71 have different reflection heights and/or reflection
coefficients due to the different angles of incidence at the ionospheric boundary. This example, and
particularly the MP71 observation, demonstrates the ability of the TOA technique to discern LOS
and IR path components of the ELF/VLF waves observed at the receiver. It also demonstrates the

ability to assign amplitude values as a function of time. Both experimental observations and the
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Figure 3-2.

HF heating model indicate that the time difference between the direct and IR signal paths is greater

than ~400 usec, implying a bandwidth of ~2.5 kHz is suitable to resolve the two peaks.

Source polarizations are determined by two orthogonal source currents, the Hall and Peder-
sen currents. The strength and dominant altitude of these source currents is different. Although
Figure 3-3 shows the TOA analysis for only the North-South (NS) antenna, due to the interference
(in amplitude and phase) produced by Hall and Pedersen currents, I expect observations on the

NS and EW antenna to be somewhat different. Furthermore, because the direction of the Hall and

TOA and SNR
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The TOA amplitudes and phases of the received ELF/VLF signal versus time. Sinona

Creek NS antenna (left) and Milepost 71 NS antenna (right). The dashed line in each
case shows the approximate noise level for each site. The horizontal wide dashed line
is our noise reference level determined by the peak approximated noise level.

3.2 Source Polarization
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TOA: Direct path vs lonospheric Reflection
2246:00 - 2248:30 UT on 29 July 2008
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Figure 3-3. A Comparison between model prediction and observations at Sinona Creek (left) and
Milepost 71 (right). On this plot, the CLEAN method is employed using a gain loop
of 0.4.

Pedersen currents depend on the direction of the auroral electrojet currents, I expect the perceived
time of arrival to depend on the direction of the auroral electrojet (Section 2.1.4).

Figure 3-4 shows the experimental observation of the interference of the two sources. The
antenna has been artificially rotated in post-processing to simulate the TOA variation with auroral
electrojet direction. From the left panel, it is clear that the TOA analysis is dependent upon the
electrojet direction and antenna orientation. Expanding the time axis in the right panel, it is clear
that the peak arrival time depends on the electrojet direction, varying by 30 usec. Hence, the TOAs
observed on the NS and EW antennas are determined by a combination of the magnetic fields radi-
ated by the Hall and Pedersen currents which in turn depend on the direction of electrojet electric
field. Also shown in the right hand panel (in black) is the magnitude of the TOA observation.
The magnitude distribution varies with time, but does not depend on the direction of the auroral

electrojet.
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TOA vs Electrojet Direction
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Figure 3-4. TOA at Sinona Creek as a function of the direction of electrojet current calculated by
rotating the NS and EW antenna orientations in post-processing.

3.3 TOA versus HF Frequency & Power

The source heights as a function of HF frequency and HF power are investigated. The
frequency-time ramps in this case ranged from 1 to 5 kHz over a period of 4 seconds. Every
4 seconds period, the HF power alternated between 25%, 50% and 100% power, and each period
repeated for 5 minutes. Every 5 minutes, the HF frequency switched betweeen 3.2 MHz (X-mode)
and 5.8 MHz (X-mode). Observations were performed at Sinona Creek and at Milepost 71, but
the introduction of commercial powerlines near Milepost 71 site has significantly reduced the data
quality at that site. In this section, only observations from Sinona Creek will be discussed.

Figure 3-5 shows the TOA analysis results for the maximum peak magnitude as a function of
HF power at 3.2 MHz and at 5.8 MHz. The variations in TOA are small, less than 10 piseconds,
whether in terms of HF frequency or in terms of HF power. The experimental results presented
in Figure 3-5 do not definitively exhibit a monotonic increase in the TOA in terms of the HF
power, and neither do they definitively show an increase in the TOA from 3.2 MHz to 5.8 MHz.
Nevertheless, it is clear that the effects of HF frequency and power are relatively small compared to

other parameters, such as the HF beam direction. It will be necessary to complete a full statistical
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TOA vs HF Frequency & Power
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Figure 3-5. TOA as a function of HF frequency and power at Sinona Creek.

analysis of HF power and HF frequency TOA observations to determine whether a consistent
dependence may be derived from this data set.
3.4 TOA as a Function of Modulation Frequency

The ELF/VLF wave generation as a function of modulation frequency has been of great inter-
est due to the frequency dependent nature of the Earth-ionosphere waveguide. However, analysis
of the data requires the use of a complicated Earth-lonosphere (EI) waveguide model with an
approximated ionospheric condition. Here, the TOA method is used to experimentally discount
Earth-ionosphere waveguide effects and determine the effective source altitude as a function of
modulation frequency.

For the data shown in Figure 3-6, TOA analysis was performed using a 3 kHz bandwidth
centered on different frequencies within the 1-5 kHz frequency-time ramp. The effective source
altitude tends to decrease with increasing modulation frequency from a center frequency of 2.5 kHz
to 3.5 kHz. Model predictions (shown in the right panel) from the HF heating code introduced in
Section 2.3.1 demonstrate that the source altitude tends to decrease with modulation frequency:

the conductivity modulation directly above the HAARP transmitter for 1 kHz modulation contains
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(a) TOA vs Modulation Frequency (b) Model Results
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Figure 3-6. (a) TOA as a function of modulation frequency at Sinona Creek and Paradise. (b)
Amplitude of Hall conductivity modulation as a function of height at 1 and 5 kHz
using generic electron density and temperature profiles.

larger conductivity modulation components at higher altitudes than for 5 kHz. The variation in
the two traces is almost exactly the same below an altitude of 85 km. Above 85 km, the 1 kHz
modulation is relatively stronger than the 5 kHz modulation. The modulation of the Pedersen
conductivity (not shown) exhibits similar effects.
3.5 Broad Beam Construction from Multiple Narrow Beams

In this section, we demonstrate that the ELF/VLF waves generated using a narrow HF beam
pattern directed at multiple specific locations in the sky can be linearly summed to accurately ap-
proximate the ELF/VLF radiation produced by a broadened HF beam pattern. Recently, a similar
effect has been discussed: Gotkowski et al. [2013] interpreted observations of ELF/VLF wave am-
plitudes generated by simultaneously modulating the ionosphere using two HF beams at different
HF frequencies as the sum of the ELF/VLF signals generated using the individual HF beams. The
theoretical predictions were provided by a simple model and heuristically matched observations.
The analysis provided by Gotkowski et al. [2013] is not substantially different from past work that
analyzed ELF/VLF phased arrays [Barr et al., 1987; Papadopoulos et al., 1989; Cohen et al., 2008,
2010b,a], in that the phased array structure of the source was modeled and compared to observa-

tions to show consistency. The experiment described in this section uses HAARP’s broad beam
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Figure 3-7. (top) Three narrow HF beam patterns: 15° off-zenith with 104° azimuth, vertical and
284° azimuth. (bottom) A comparison of the sum of the three narrow beam patterns
(left) with the vertical BBEW pattern (right).

pattern to generate waves, and then approximates the result by summing the waves generated sepa-
rately by three narrow beam patterns. In this case, the HF beams are all at the same HF frequency,
and no theoretical modeling is required. These experimental results are thus the first experimental
confirmation that a linear sum of the ELF/VLF waves generated by multiple narrow HF beams
suitably approximates the ELF/VLF fields generated by the broader HF beam pattern.
3.5.1 Narrow Beam/Broad Beam Experiment Description

HAAREP is capable of broadcasting a “Broad EW” HF beam pattern (BBEW), which spoils
the narrow HF beam pattern in the East-West direction, as shown in Figure 3-7. The BBEW beam
pattern can be approximately decomposed into appropriately scaled (in ERP) narrow HF beam
patterns directed toward: 284° Az with 15° off-zenith (OZ), Vertical, and 104° Az with 15° OZ.
The three narrow beam patterns and the sum of the three narrow beam patterns are shown alongside
the BBEW pattern in Figure 3-7. The BBEW pattern is grossly equivalent to the sum of the three

appropriately scaled narrow beams.
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Figure 3-8. (left) TOA observations for the three narrow beam patterns. (right) TOA observations
for the sum of the three narrow beam patterns and the BBEW pattern.

On 8 October 2010, HAARP broadcast each beam pattern described above at 3.2 MHz (X-
mode). Each beam was modulated using AM sine modulation with a linear frequency-time chirp
from 0.5 kHz to 6.5 kHz over 6 seconds.

3.5.2 Results and Analysis

TOA observations from Paradise are shown in Figure 3-8. The TOA observations are pro-
cessed using a bandwidth of 1-5 kHz and produce a decent SNR (16 dB). Figure 3-8 includes
TOA observations for BBEW, the three individual narrow beams, and the sum of the three narrow
beams. Comparing the BBEW and the sum of the narrow beams, the amplitude, phase (not shown),
and timing of the TOA analyses are all extremely similar. Hence, ELF/VLF wave generation using
the BBEW pattern can be closely approximated by summing the ELF/VLF fields generated by the
three narrow beam patterns. This approximation extends to a more general conclusion: an arbi-
trarily shaped HF beam pattern can be successfully approximated using the linear summation of
narrow beams that produce the arbitrary beam pattern. This concept will be used to analyze the

phased array structure of the ELF/VLF source generated by BP/GM formats discussed in the next

two chapters.
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Together, the calculations and observations presented in this chapter demonstrate the validity
and utility of the ELF/VLF TOA analysis method. In subsequent chapters, TOA analysis is ap-
plied to experimental observations in order to quantify physical properties produced by specific

modulation formats.
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CHAPTER 4
OBSERVATIONS OF ELF/VLF SOURCE PHASING

In the previous two chapters, the ELF/VLF TOA analysis method has been described in detail
and applied to example experimental observations to demonstrate its utility. In this chapter, TOA
analysis is applied to predict methods to increase the amplitude of generated ELF/VLF waves.
Based on previous experimental observations of ELF/VLF waves generated using the Geometric
Modulation (GM) format, which increases the ELF/VLF amplitude by 7-11 dB (over vertical AM
heating) at frequencies above ~3 kHz [Cohen et al., 2008, 2010b,a], the formation of an optimized
ELF/VLF phased array is the most promising technique to further improve the amplitude ELF/VLF
wave generation. The analysis presented in this chapter is used to provide a limited optimization of
the signal radiated by a phased ELF/VLF source and to identify the additional parameters required
to complete a full optimization.

New experimental observations are presented of ELF/VLF waves generated using a modified
GM format: GM is combined with pulse modulation (in effect producing beam painting, or BP,
modulation) to control the physical area of the ionospheric ELF/VLF source region. As a result,
four competing physical effects that contribute to the received ELF/VLF amplitude are closely
investigated: the area of the ELF/VLF source region, the oblique angle of HF heating, the effective
duty cycle of GM, and the phase distribution within the ELF/VLF source region. Based on these
observations, new modulation formats are predicted to increase the received ELF/VLF magnitude
by more than 4 dB and the HF-to-ELF conversion efficiency by more than 7 dB.

4.1 Beam Painting/Geometric Modulation (BP/GM)
4.1.1 BP/GM Experiment Description

20 days of successful ELF/VLF observations were performed over the course of four experi-
mental HAARP campaigns between 19 Jul 2011 and 12 May 2012. During these campaigns, the
HAARP HF transmitter broadcast a variable pulse length geometric modulation format. Two types
of transmission formats were employed, and both are depicted schematically in Figure 4-1. Both

transmission formats are based on the circle sweep GM format, which traces out a circle in the
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Figure 4-1. Cartoon diagrams for modified circle sweep geometric modulation formats. (a) Side
view. (b) Top view: two symmetric arcs. (c) Top view: three asymmetric arcs. The
orange and blue regions indicate when the HF beam is ON or OFF, respectively.

ionosphere, as depicted in Figure 4-1(a). These formats additionally employed a variable pulse
length modulation format such that the HF transmitter was ON only for a portion of each circle
sweep. The end result is a circle sweep GM format that produces an ELF/VLF source with a
certain known arc length.

For the first format, depicted in Figure 4-1(b), the timing of the variable pulse length modu-
lation produces arc lengths varying from 20° to 360° in 20° steps. The arcs were produced such
that they were all centered on the same azimuthal direction: 81° east of north (EoN) (which is
the direction toward the ELF/VLF receiver located at Paradise). For the second format, the result-
ing arc lengths vary from 10° to 360° in 10° steps, but the arcs are incremented asymmetrically
as indicated in Figure 4-1(c). Strictly speaking, only the 360° arc length transmissions are GM
formats, whereas the remainder of the transmissions would be classified as BP formats because
they include off time during the modulation period. Accordingly, we will refer to these formats as
BP/GM transmission formats.

For both of these BP/GM transmission formats, HAARP broadcast an HF wave at 3.2 MHz
(X-mode) with 15° off-zenith angle and 85.7 dBW effective radiated power (ERP). The transmis-

sion for each arc length had a duration of 3 seconds. During the 3-second duration, the speed of the
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circle-sweep linearly increased, so that the expected ELF/VLF modulation frequency linearly in-
creased from 1.5 to 4.5 kHz over the course of the 3 seconds. The resulting frequency-time ramp,
or linear chirp, is used in post-processing to determine the propagation delay between HAARP
transmission and ELF/VLF wave reception by employing time-of-arrival (TOA) analysis. After
each 3-second period, the arc length increased in the steps described above.

In order to provide a comparison with amplitude modulation (AM) formats, the BP/GM
transmissions were bounded by AM transmissions. The 25 symmetric format transmissions were
bounded by AM transmissions that were aimed vertically, whereas the 77 symmetric and 69 asym-
metric format transmissions employed oblique AM heating transmissions that were aimed at a 15°
of off-zenith angle and 81° EoN azimuth. Both vertical and oblique AM transmissions broadcast
at 3.2 MHz (X-mode) with the same ERP and the same frequency-time ramp as GM using 50%
duty cycle square-wave modulation.

A direct comparison can be made between ELF/VLF signals generated using oblique AM
heating formats and those generated using BP/GM formats with arc lengths of 20°. The 360°
GM formats are implemented using an average of 12 HF beam positions. At lower modulation
frequencies, more HF beam positions are used to implement the circle sweep, whereas at higher
frequencies, fewer HF beam positions are used. At 3 kHz, however, exactly 12 HF beam po-
sitions are used. THe BP/GM arc length of 20° exactly correspond to an oblique AM heating
transmissions with 5.6% duty cycle. As a result, we are able to use the ELF/VLF amplitudes ob-
served at 3 kHz for AM 50% duty cycle heating and BP/GM with 20° arc length as a measure of
ELF/VLF amplitude dependence on duty cycle. This measurement enables the characterization of
ionospheric heating and cooling rates as well as the characterization of the effective duty cycle for
GM formats.

In this section, I present a statistical summary of observations performed over the course of the
four campaigns (and for which the geomagnetic and ionospheric conditions varied significantly),
but we highlight observations with particularly high signal-to-noise ratio (SNR) performed on 20

July 2011 and 19 February 2012. On 20 July 2011, the HAARP flux-gate magnetometer registered
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Figure 4-2. Asymmetric GM Circle sweep with oblique AM: Spectrogram (a) and frequency re-
sponse (b) for different arc lengths (color) of the circle sweep and oblique AM. The
“AM +15°” label identifies amplitude modulation with a beam tilted 15° toward Par-
adise (81° az).

fluctuations <75 nT, ionospheric absorption as measured by the HAARP riometer was ~0.2 dB,

and the K, index was 4. On 19 February 2012, the HAARP flux-gate magnetometer registered

fluctuations <50 nT, ionospheric absorption as measured by the HAARP riometer was ~0.3 dB,

and the K, index was 3—.

4.1.2 BP/GM Experimental Observations

4.1.2.1 Frequency and time response observations

A spectrogram and associated frequency responses for the BP/GM formats are compared to

oblique AM heating in Figure 4-2. The first ramp in the spectrogram is generated by oblique

AM heating and the remainder of the ramps are generated by BP/GM whose arc length increases

from 10° to 90°. For both types of transmissions, the second and third harmonics are successfully

detected. The frequency response panel contains oblique AM and BP/GM for every 60° arc length.

Over this frequency range, the amplitude increases up to ~180° arc length and decreases afterward,

with details depending on frequency.

Figure 4-3 presents TOA observations comparing GM (full circle sweep) and oblique AM
heating. Each trace exhibits a dominant LOS peak at ~0.7 milliseconds and a secondary peak at
~1.1 milliseconds, which is interpreted as the first ionospherically reflected (IR) signal. Using the

least square deconvolution procedure discussed in Chapter 2, we identify the amplitude, phase, and
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Paradise: TOA, GM vs Oblique AM
19 Feb 2012 07:03:00-07:05:00 UT
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Figure 4-3. TOA observations for GM 360° circle sweep and oblique AM heating (50% duty cycle)
at Paradise for (a) the north-south antenna and (b) the east-west antenna. Error bars
indicate the uncertainty in amplitude for the LOS and IR signal components.

propagation delay associated with the LOS and IR signal components, all of which are identified
in Figure 4-3. While the propagation delay identifies the maximum possible ELF/VLF source
altitude, we can assume a specific geometry and approximate the source altitude for that geometry.
For example, the source altitude for oblique AM heating can be approximated as ~90 km altitude
if we assume ELF/VLF waves propagate at the speed-of-light and that the source is located at the
center of the HF beam.

For the case shown in Figure 4-3, GM enhances the LOS amplitude only for the EW chan-
nel as compared to oblique AM. The total ELF/VLF signal magnitude for GM is only ~2 dB
stronger than for oblique AM, and this is typically the case. Figure 4-4(a) plots the ratio of the
ELF/VLF signal magnitude (independent of signal polarization) for GM to that for oblique AM
averaged over the duration of the four campaigns (with the average weighted by signal-to-noise
ratio (SNR)). GM is typically weaker than oblique AM by ~1 dB near 2 kHz, but stronger than
oblique AM by ~1-3 dB at higher frequencies. Using TOA analysis, GM is typically stronger than
oblique AM by 0.6-1.6 dB. For comparison, Figure 4-4(b) plots the ratio of the ELF/VLF signal

magnitude for GM to that for vertical AM heating similarly averaged over the duration of the four
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Oblique AM vs Vertical AM at Paradise, Magnitude
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Figure 4-4. (a) The SNR-weighted ratio of the ELF/VLF signal magnitude for GM to that for
oblique AM averaged over the duration of the four campaigns. (b) Same plot, but for
vertical AM.

campaigns. The ratio of GM to vertical AM heating is consistent with past observations and pre-
dictions [Moore and Rietveld, 2009; Cohen et al., 2010a]. Compared to vertical AM heating, GM
produces larger ELF/VLF signal magnitudes (by at least 2 dB) across the frequency range, and at
higher modulation frequencies the effect is more pronounced (up to 9 dB). TOA analysis indicates
that GM is typically stronger than vertical AM by 5.9-6.1 dB. Similar observation led Cohen et al.
[2008] to imply that ELF/VLF wave generation using GM might produce unprecedented HF-to-
ELF conversion efficiencies at higher modulation frequencies. Compared to oblique AM heating,
however, GM produces lower ELF/VLF signal magnitudes at frequencies of 2 kHz and below. At
3 and 4 kHz, GM produces 1-3 dB larger signal magnitudes, but the difference appears to stop
increasing in that frequency range. In this case, it appears that the nature of oblique AM heating at
higher modulation frequencies produces a substantial portion (4—7 dB out of 7-9 dB) of the gain
previously reported and attributed to the GM heating format at higher frequencies.

These observations are actually consistent with the observations reported by Cohen et al.
[2010a], who indicated a 3—4 dB enhancement in amplitude for oblique AM heating compared to

vertical AM heating and also identified amplitude gains of ~2.5 dB for oblique heating at 5010 Hz
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Paradise: Symmetric GM and Vertical AM
20 Jul 2011 06:13:00-06:14:00 UT
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Figure 4-5. Symmetric circle sweep amplitudes as a function of arc length compared with AM
vertical heating at Paradise.

versus 1249 Hz. Cohen et al. [2010a] concluded that based on their observations, oblique heating
contributed only a small fraction of the gain observed for GM formats. At higher frequencies,

however, our observations (near 4 kHz) are more consistent with the sum of their oblique HF
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Paradise: Asymmetric GM and Oblique AM
19 Feb 2012 07:03:00-07:05:00 UT

(a) Magnitude: Frequency (b) Magnitude: Multipath

2.0 2.0

—
W
—
W

(- LOS+Reflection

Oblique 2.0 kHz
AM Oblique
3.0 kHz AM

Amplitude (pT)
=
Amplitude (pT)
=

L.O L
0]
0] LOS
0.5 4.0 kHz 057 .
0 60 120 180 240 300 360 00 60 120 180 240 300 360
Arc Length (Degree) Arc Length (Degree)

Figure 4-6. Asymmetric circle sweep amplitudes as a function of arc length compared with AM
oblique (81° Azimuth, 15° off-zenith) at Paradise.

heating effects: a 5.5-6.5 dB enhancement. These gains attributed to oblique heating are, in fact,
a significant portion of the 7-11 dB enhancement originally attributed to the GM heating format
at high frequencies. It is noteworthy that oblique AM heating is more efficient (accounting for
shorter transmission durations) than GM heating by 3-5 dB at 2 kHz and by 0.5-2.0 dB at 4 kHz,
observations that are perfectly consistent with the theoretical predictions presented by Moore and
Rietveld [2009].

It should be noted at this point, however, that the directionality of the ELF/VLF source pro-
duced by oblique heating produces a competing effect once multiple beams are employed. If N
beam directions are employed, the heated area approximately increases by a factor of N. Due to
the directionality of the ELF/VLF source produced by the oblique HF beam, this factor of N is not
realized in practice. This effect will be discussed in greater detail later in this chapter.
4.1.2.2 Amplitude as a function of arc length

Figure 4-5 shows the ELF/VLF signal amplitudes and magnitudes received at Paradise for
different frequencies (2, 3 and 4 kHz), the LOS signal component, and the first IR component as a
function of arc length for the symmetric BP/GM experiment. The amplitudes/magnitudes for spe-

cific frequencies are shown in the left panels ((a), (b) and (c)), while the amplitudes/magnitudes
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Oasis: Asymmetric GM and Oblique AM
19 Feb 2012 07:03:00-07:05:00 UT
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Figure 4-7. Asymmetric circle sweep amplitudes as a function of arc length compared with AM
oblique (81° Azimuth, 15° off-zenith) at Oasis.

for the LOS and first IR components are shown in the right panels ((d), (e) and (f)). The LOS
amplitudes, isolated from the waveguide effects, are compared with the predictions of a simple dis-
tributed phased array model. Aside from specific details, all of the plots are very similar in nature.
In all cases, the signal level increases until an arc length of 180°-200°. At larger arc lengths, the
signal level decreases. At low arc lengths, the signal levels increase approximately linearly with
arc length, which is not unexpected considering that past work has indicated that the ELF/VLF
signal amplitude is proportional to the area of the heated region [Barr and Stubbe, 1991a]. The
traces exhibit slight curvatures at low arc lengths, however, and we attribute this curvature to the
different source phasing as a function of arc length. This phased array nature is much more pro-
nounced at larger arc lengths, where this effect is the dominant cause of the reduction in signal
level (>200°). Plotted together with the BP/GM traces are the amplitudes/magnitudes observed
for vertical AM heating. We have plotted these points at 20° arc length to indicate the similar
nature of the two transmissions. Vertical AM heating produces larger signal amplitudes than the
20° BP/GM “sweep” due in large part to the larger duty cycle employed. We hesitate to make a
direct comparison using vertical AM transmissions, however, and reserve detailed comment for

comparisons with oblique AM heating.
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Paradise: Asymmetric GM and Oblique AM
Averaged data during February and May campaign in 2012
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Figure 4-8. Average asymmetric circle sweep amplitudes as a function of arc length compared with
oblique AM (81° Azimuth, 15° off-zenith) at Paradise.

Figures 4-6 and 4-7 show the results of asymmetric BP/GM compared with oblique AM ob-
served at Paradise and Oasis respectively. Because the traces are so similar, we have only plotted
the results for signal magnitude. While the traces shown for Paradise are extremely similar to those
for the symmetric experiment, here we highlight the comparison with obligue AM heating. The
signal levels generated by oblique AM are a much larger fraction of GM than those generated by
vertical AM heating. In fact, in many cases, the signal generated using oblique AM heating is
larger than that generated using the full sweep GM. The oblique AM heating transmission is only
different from the 20° BP/GM transmission in their duty cycles: oblique AM utilized a 50% duty
cycle, whereas the 20° BP/GM transmission is equivalent to a 5.6% duty cycle. Based on our ob-
servations, the duty cycle difference typically produces a 3.9—4.5 dB gain in favor of the 50% duty
cycle. Observations at Oasis serve to highlight the phased array nature of the ELF/VLF source. All
of the observed signal levels increase up to 180° and decrease to null amplitudes at 360°. For 360°,
each of the individual source regions can be paired with out-of-phase counterparts, since Oasis is
located very close to HAARP at the center of the circle, and these observations are consistent with

the model predictions provided by Cohen et al. [2010b].
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Figure 4-9. The campaign-averaged ratio of the ELF/VLF signal magnitude generated using 360°
GM to the maximum BP/GM signal magnitude.

Refocusing once again on observations performed at Paradise, Figure 4-8 presents weighted
average signal magnitudes for the asymmetric BP/GM experiment for 20-30 transmissions per-
formed during the 2012 Feb and May BRIOCHE campaigns. For the TOA analysis, only the runs
for which the least square analysis converged to a result were included in the averaging. For the
frequency analysis, a minimum SNR threshold of 3 dB was employed to avoid unnecessary noise
content. Plotted together with these traces are the weighted average signal magnitudes for oblique
AM heating at 2, 3, and 4 kHz, and for the LOS and IR signal components. It can be seen that while
the 360° GM sweep typically produces larger ELF/VLF signal magnitudes than oblique AM heat-
ing, at 180° BP/GM sweeping always produces larger ELF/VLF signal magnitudes than oblique
AM heating. Figure 4-9 shows the campaign-averaged ratio of the ELF/VLF signal magnitude
generated using 360° GM to the maximum BP/GM signal magnitude observed as a function of arc
length. BP/GM produces larger (at least 0.5-2.5 dB) signal magnitudes at all frequencies, although
it produces the largest gains (3—5 dB) at lower frequencies.

In order to better display the phased array nature of the BP/GM source region, the amplitude
and phase contribution produced by a particular source element is calculated by differentiating

the TOA observations as a function of arc length. In order to achieve reasonable SNR levels, 30°
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Figure 4-10. The amplitudes (Left: 3 kHz, Right: LOS) at Paradise are plotted as a function of

azimuth centered at Paradise. 0° indicates azimuthal direction toward Paradise. 30°
arc lengths are integrated to calculate the amplitude and phase. The orange line is the
same model result used in Figure 4-5.
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Paradise: Phase Structure
19 Feb 2012 07:03:00-07:05:00 UT
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Figure 4-11. The phases (Left: 3 kHz, Right: LOS) at Paradise are plotted as a function of azimuth
centered at Paradise. 0° indicates azimuthal direction toward Paradise. 30° arc lengths
are integrated to calculate the amplitude and phase. The orange line is the same model
result used in Figure 4-5.

arc lengths are used. Similarly, the amplitude and phase over 30° arc length are calculated in the
frequency domain. The LOS and 3 kHz amplitude and phase observed at Paradise are plotted in
Figures 4-10 and 4-11. We observe ~5-13 dB amplitude differences, which is somewhat larger
than past observations (6-10 dB observed by Barr et al. [1987] and 6-8 dB observed by Cohen
et al. [2010a]). The portion of the circle directed toward the receiver (up to 120° arc length)
produces by far the largest signal amplitudes, and the portion of the circle directed away from the

receiver (>240° arc length) produces the lowest amplitudes. These observations support Moore
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and Rietveld [2009]’s prediction that the portion of the circle closest to the receiver dominates the
received amplitude.

The interpretation of the phase for the LOS component and the 3 kHz component is somewhat
different. Using the TOA method, the phase of the measurement represents the ELF/VLF source
phase, whereas in the frequency domain, the phase represents the phase of the source plus the
propagation phase. The phase shown in Figures 4-11(c) and (d) is the source phase. The phase
approximately follows a linear progression (dashed line) due to the timing offset of heating by
sweeping. The fluctuation along the linear phase line shows a relative source phase difference due
to the ionospheric response, or to differences in the HF beam pattern as a function of azimuth. On
the other hand, Figures 4-11(a) and (b) show the phase structure at 3 kHz which include the phase
contribution due to propagation (including ionospheric reflections).

4.1.3 BP/GM Analysis

Based on the observations reported in the previous section, it is clear that the amplitude of
the received ELF/VLF signal depends on the area of the source region, the relative phasing of in-
dividual source elements, the nature of oblique HF heating, and the effective duty cycle. Previous
analyses have typically compared GM heating to vertical AM heating. We provide the following
expression to convert vertical AM heating to GM, and we analyze each of its individual compo-

nents:
N

ZAieﬂPi
i=1

where A, is the amplitude produced by vertical AM heating with 50% duty cycle, A, is the am-

Ao Som N A XN Al
Ao by 2GM Sk
A, So  Nmax(4;) A

(4-1)

plitude produced by oblique AM heating with 50% duty cycle aimed toward the receiver, Dgyy
accounts for the relative signal level change produced by the effective duty cycle relative to 50%
duty cycle, and Sgys and S, are the 3-dB heated areas for GM and oblique AM. A; and ¢; are the
amplitude and phase produced by the ith source element (around the circle), and N is the total
number of source elements considered.

Stepping through each of the terms from left to right, A,/A, converts the vertical AM (50%

duty cycle) signal to an oblique AM signal, and we will refer to this as the oblique heating effect.
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D¢y coverts the oblique AM 50% duty cycle signal to an oblique AM X% duty cycle signal. At
this point, X is unknown because the effective duty cycle of the GM sweep is unknown. We will
refer to this effect as the duty cycle effect. The last remaining effect is the increased area of the
GM sweep. In addition to simply increasing the area, denoted by the term Sgy,/S,, the amplitude
generated changes as a function of azimuth due to the directionality of oblique heating. This

N .
A,Z":—IA’_ term, which we will refer to as the oblique directionality
max(4;)

effect is accounted for using the

effect. The relative phasing of the elemental source components is also important and accounted

X Aie/]
Z{V:|Ai

combining all of these effects produces the final GM amplitude: ’25'\]:1 A;e/%|. Note that the oblique

for using the term. We will refer to this component as the phasing effect. In the end,
directionality effect and the phasing effect are produced as side-effects of directing the HF beam
to different locations in order to increase the total heated area, meaning that the value ascribed to
each effect is only valid when also accounting for the 17.9 dB enhancement due to the increase in
area.

All of the terms described above can be calculated based on our observations. The ratio A, /A,
can be derived statistically, Sga/S, is known for a given HF transmission frequency and A; and ¢;
can be extracted from the data shown in Figures 4-10 and 4-11. D¢y, is calculated after simplifying

the Equation 4-1:
S, Nmax(4;)
SGM Ao

Doy = (4-2)

Duty cycle refers to the ratio of HF heating time to the HF modulation period. Past studies show
that the ELF/VLF signals are maximized around ~40% [Barr and Stubbe, 1991b; Barr et al., 1999;
Cohen et al., 2010a] and that lower duty cycles tend to be more efficient [Barr and Stubbe, 1991b;
Barr et al., 1999; Jin et al., 2012]. Estimating the duty cycle for GM can become very complex,
since the heating time varies within the heated region as a function of distance from the center of
the circle to the heated region by treating GM as a continuous circle sweep. The duty cycle for
GM ranges from 5-20% as a function of radius in the circle [Cohen, 2009], for instance. Cohen
[2009] also estimate the average duty cycle as ~12% by taking a ratio of an single HF beam area

(3-dB beamwidth) to an entire GM circle area.
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GM effects from Paradise, magnitude
Averaged over 12 sets of GM data
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Figure 4-12. Quantified effects contributing to the amplitude of ELF/VLF wave generation, aver-
aged over the two campaigns.

The averaged analysis results are shown in Figure 4-12, noting that the 17.9 dB increase in
area, which is constant as a function of frequency is not shown. The dramatic increase in the area
of the GM transmission is the most important factor increasing the received ELF/VLF amplitude.
The second most important factor is the phasing effect, which decreases the received ELF/VLF
amplitude significantly (by ~10 dB) at low frequencies, and to a lesser extent (6—8 dB) at higher
frequencies. The oblique heating effect is the next most important factor, producing +2-5 dB gains

at lower frequencies and +6—8 dB gains at higher frequencies. At low frequencies, the oblique
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heating effect is almost, but not quite, canceled by the oblique directionality effect that only occurs
together with a massive increase in area. The oblique directionality effect is characterized by a
3-5 dB loss. The last effect is the duty cycle effect: the lower effective duty cycle of the GM
transmission compared to the 50% duty cycle AM transmission reduces the received ELF/VLF
amplitude by ~3-5 dB. As a side note, the ~3-5 dB duty cycle effect corresponds to an effective
duty cycle of 16£0.5% at lower frequencies and 18-£2% at higher frequencies for the GM format,
which seemingly corresponds to the 60° beamwidth of the HF beam divided by the 360° full circle
(16.7%).

Based on this analysis, increasing the heated region area provides the primary gain factor for
the GM format. Combining the effects of area, oblique directionality, and phasing, increasing the
area has an overall effect of +7.9-11.9 dB on the received ELF/VLF signal amplitude. While the
duty cycle and oblique heating effects nearly cancel at low frequencies, oblique heating produces
larger (an additional 3 dB) gains at higher frequencies that are not matched by the duty cycle effect.
For a given set of ionospheric heating points, it is clear that the phasing effect is the primary effect
to mitigate, particularly at low frequencies, and that the duty cycle effect is important, although
secondary.

4.2 Optimized Heating Order for BP/GM (Constant Duration)

In the preceding sections, TOA analysis has proved to be useful, although not entirely nec-
essary. In this section, the propagation delays and source phases derived using TOA observations
are leveraged to provide an optimized heating location order. Using the spatial amplitude and
phase TOA measurements shown in Figures 4-10 and 4-11, we predict the ELF/VLF amplitude
that would result using a different heating order. The different heating order controls the phase
structure of the ELF/VLF source region. We consider two optimizations: 1) simply maximize
the received ELF/VLF amplitude, and 2) maximize the ELF/VLF amplitude such that the heating
order is symmetric.

For this exercise, the duty cycle (or equivalently heating duration) for each source segment is

the same as during the experiment — we use the amplitude directly from Figure 4-10 and modify the
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Paradise: Post-Processed Optimized GM
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Figure 4-13. The amplitude post-processed to optimize heating order of GM. (a): Optimal heating
order with different numbers of heating locations. (b): Optimized amplitudes (red)
are compared with those of GM circle (gray) and symmetric heating (green). For
symmetric heating, the locations are equally apart in a circle.

phase from Figure 4-11 according to the change of order. Figure 4-13 shows the optimal heating
order for N heating locations in the left panel and the resulting optimized amplitudes in the right
panel. The optimized and symmetric results are compared with those for oblique AM and GM. The
symmetric heating is constrained to heat the segments in an order that produces an approximately
symmetric ELF/VLF beam pattern. For the symmetric format, however, we allow the duty cycle
to increase so that the 100% of the modulation cycle is available for heating.

The maximum amplitude is achieved when only 8 out of 12 arc segments are used. The
amplitude is increased by 4 dB compared to GM (360°) and the efficiency is increased by 7 dB.
The optimal heating order starts with the segments farther away from Paradise and ends with
closer segments in order to best match the propagation phase. At the lower number of the heating
segments, the selection of the segments is prioritized to the closer segments to utilize the higher
amplitudes.

For symmetric heating, the amplitude remains in the same range (~0.6—0.8 pT) for any per-
centages of the circle heated. The optimal duty cycle is the same as for the GM format — no

beam-off time, except at 2/12% of the circle. To make symmetric heating pattern, each segment is
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assigned equally a fraction of the modulation period and within the assigned time the duty cycle
and off-time are adjusted to maximize the total amplitudes. For this reason, the maximum ampli-
tude is generated by the GM format because the larger duty cycle produces the larger amplitude
up to ~40%. At 2/12% of the circle, each of the two chosen segments are assigned 40% of the
modulation period, and the beam is turned off for the remaining time.

The discrepancy of the magnitude at GM (full circle) and 12/12 on “Symmetry” is from the
different direction of the sweep rotation. To find an optimal symmetric heating, we estimate the
magnitudes for all possible symmetric pattern that can be done for one rotation of the circle. Even
though the amplitude and phase structures are asymmetric shown in Figures 4-10 and 4-11, the
change of rotation direction makes slight difference in the total amplitude experimentally reported
by Cohen et al. [2008].

In this chapter, we have demonstrated a method to optimize the order of heating locations,
assuming that the duration of heating at each location is pre-determined. In the next chapter, we
consider a full optimization of the ELF/VLF source region, allowing the start timing and duration

for each heating location to vary.
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CHAPTER 5
OPTIMIZATION OF ELF/VLF AN PHASED ARRAY

The previous chapter increased the ELF/VLF amplitude generated using a ELF/VLF phased
array by changing the order of heating locations while keeping the duration of heating at each
location the same. In this chapter, we experimentally investigate the effect of duty cycle as a
function of the source location (relative to the receiver location). As a result, we are able to perform
an optimization that considers the best ordering of heating location together with the best heating
durations for each individual heating locations. Solutions are constructed using TOA analsyis of
ELF/VLF amplitudes and phases observed when the HF beam is aimed at eight different azimuthal
directions with 15° off-zenith.

5.1 Optimization Experiment Description

To measure the amplitude, phase, and propagation delay as a function of ionospheric heat-
ing location, the HF beam is aimed 15° off-zenith in eight azimuthal directions. The azimuthal
directions are separated by 45°, from 14° to 329° east of north. Each beam was transmitted with
amplitude modulation with 50% duty cycle. In order to investigate the effect of duty cycle, the HF
beam was directed at two heating locations alternatively (81° and 261° azimuth at 15° off-zenith),
and the duty cycle changed from 5% to 75% in 5% steps. The transmissions were performed
closely in time so that accurate comparisons could be made. All transmissions were at 3.25 MHz
(X-mode) and at full power (3.6 MW, 84.7 dBW). The beam was modulated with an AM square
wave and the modulation frequency linearly varied from 1 kHz to 5 kHz with a 1 kHz/sec slope.

For this analysis, we focus on ELF/VLF observations performed at Paradise.

5.2 Experimental Observations

During the BRIOCHE campaign in March, 2013, ELF/VLF waves were generated with ex-
cellent SNR (>21 dB) for different azimuths and duty cycles. The Kp Index was 4- and the Gakona
Magnetometer registered magnetic flux variations of <125 nT. The observed ELF/VLF waves at

Paradise are presented in this section and are used to optimize the heating location and order.
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Azimuthal Response: Multipath Propagation and Frequeny Analysis
Paradise EW: 16 Mar 2013 05:35:04-05:35:36 UT
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Figure 5-1. (a) Amplitude, (b) phase and (c) propagation delays as a function of azimuth direction.
The solid line is the observation and the dash line is a sinusoid.

5.2.1 ELF/VLF Observations vs. Azimuth

The observed ELF/VLF signals for 8 azimuthal directions are shown by solid lines in Figure 5-
1. The amplitudes and phases are shown for two propagation paths (LOS and 1st IR) and for three
different frequencies (1.5, 3.0, 4.5 kHz) in addition to propagation delays for LOS and 1st IR. The
amplitudes of the EW signals are larger than the NS signals by ~38 dB. Since EW component
of the observed ELF/VLF signal is dominant, we focus on the EW component for the rest of this
chapter.

The amplitudes for the LOS and IR propagation paths and for three frequencies have a similar
shape: the amplitude is largest when the beam is aimed toward the receiver (Paradise at 81°)
and smallest when it is aimed away from the receiver. The amplitude difference as a function of
azimuth is ~5-8 dB which is consistent with past observations [Barr et al., 1987; Cohen et al.,
2010b]. The phases for the frequencies and propagation paths are interpreted differently. The

phases for the frequency response include the ELF/VLF source phase as well as the propagation
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phase (including effects of the waveguide), while the phases for the LOS component represent only
the ELF/VLF source phase.

The propagation delay for each propagation path is shown in the most right panel in Figure 5-
1. The LOS propagation delay follows a straightforward interpretation: heating locations closer
to the receiver produce shorter propagation delays. The 1st IR propagation delays are not so
simple, however. The propagation delay seems longer when the heated location is to the south
(>90° and <270° az) and shorter when it is to the north. The observation may be explained by
different ionospheric conditions or incident angles, or a mix of those effects, but it is most likely
due to the frequency-dependent reflection coefficients for the air-ionosphere interface. The IR
components contain a multitude of physical effects that are not considered in this dissertation, and
it will have to suffice to approximate their properties in order to get the best estimate of the LOS
signal component.

All components (amplitude, phase, and propagation delay) of the received ELF/VLF signals
vary sinusoidally with azimuth. The dashed line in Figure 5-1 is a sinusoidal line provided for
comparison. In subsequent sections, this fact will be used to estimate the effect of duty cycle based
on measurements at only a few heated locations.

5.2.2 ELF/VLF Amplitude vs. Duty Cycle

The received ELF/VLF amplitude and phase as a function of duty cycle are shown in Fig-
ures 5-2. The amplitudes and phases are normalized by the signal with 50% duty cycle. The
amplitude and phase plots are compared with an analytical expression for the effect of duty cycle
[Barr and Stubbe, 1991b] using a heating constant-to-cooling constant ratio of 0.282.

The received ELF/VLF amplitude increases with duty cycle until it reaches a maximum near
30-40% duty cycle, and at larger duty cycles it decreases with increasing duty cycle. The maxi-
mum amplitudes are 30-40% larger than at 50% duty cycle. The maximum amplitude occurs at
lower duty cycles because the time constant for electron heating is shorter than that for electron

cooling [Barr and Stubbe, 1991b; Cohen et al., 2010b]. The phases for different frequencies and
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Duty Cycle Response: Multipath Propagation and Frequeny Analysis
Paradise EW: 16 Mar 2013 05:31:30-05:33:30 UT
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Figure 5-2. (a) Amplitude, (b) phase and (c) propagation delays as a function of duty cycle. The
amplitudes and phases are normalized by the signal with 50% duty cycle.

propagation paths are also compared with the analytical case. The phase of all components in
Figure 5-2 vary almost linearly with duty cycle: they deviate from linear by only £10°.

Most importantly, the ELF/VLF amplitude dependence on duty cycle additionally depends
upon the location of the ELF/VLF source with respect to the receiver location. The responses are
slightly different when the HF beam is directed away from the receiver and toward the receiver.
During the optimization process, we will desire knowledge of the duty cycle response at all eight
heating locations. Based on the observations presented in the previous section, we estimate this
response as a function of azimuth by fitting a sinusoid to the amplitudes observed (as a function of
duty cycle) for 81° and 261° azimuth.

The propagation delay as a function of duty cycle is shown in the right panel of Figure 5-
2. The propagation delays for the LOS component are all within 10 usec of each other. This
translates to a maximum source height difference of only £2 km assuming that the source is located
at the center of the HF beam. The propagation delays for the first IR component vary by +25 usec.

Once again, we attribute the variation observed in the first IR component to ionospheric conditions:
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Figure 5-3. Diagram of HF heating pattern

most likely the frequency-dependent reflection coefficients at the air-ionosphere interface affect
this measurement.
5.3 Optimization of Beam Painting

Given the observations presented in the two previous sections, we provide an optimization
for the ELF/VLF amplitude at Paradise that accounts for different ON/OFF times at eight heating
locations, and different heating location ordering. To accomplish this, the observed ELF/VLF
amplitudes at the eight heating locations (shown in Figure 5-1) are modified by the duty cycle, and
the phase is modified by the propagation delay, duty cycle, and time offset due to the start timing
of the heating. As is shown in Section 3.5.1, a linear summation of these signals approximates the

total received signals quite well. The total received amplitude can be described:

S = Zlk\’:lAkej¢ka (dk)e—ﬂﬁi,’ﬁ,:] (dp—1+Aty—1) (5-1)

where N is the total number of heating locations, A; and ¢y are the amplitude and phase of the
kth ELF/VLF source (the subscript indicates the heating location) at 50% duty cycle, Dy is the
amplitude and phase relative to 50% duty cycle as a function of duty cycle, d, and Az is the time
that the HF beam is off between the kth and (k + 1)th heating locations. These parameters are
diagrammed in Figure 5-3. There is no unit in Af; because Az is the fraction of the modulation

period. For TOA analysis, the above equation is modified to:
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S = max

{Ziv:lAkem"Dk(dk) sinc [B(t — 1)) ej2frﬁ»(tffd)e*j27r2,’;:1 (dm—1+Aty_1) } ’ (5-2)

where B is the bandwidth of the ramp, 7, is the propagation delay at the duty cycle dy, ¢ is the
time vector (11,1,13,...), max finds the maximum value as a function of ¢, and the sinc function is

defined as:

1 ifx=0
sinc(x) = ¢ -
sim( wx

- otherwise

In TOA analysis, the sinc function arises as a result of rectangular windowing in the frequency
domain. The width of the sinc function is determined by the bandwidth of the rectangular window.
The goal is to maximize th amplitude S by optimizing the duty cycle and the HF heating off

time with a combination of the heating locations. The optimization expression is:

maximize §
N N-1
subject to Z di + Z At <=1,
k=1 k=1 5-3)
d, >=0,
Aty >=0.
The optimization is not straightforward due to the trade-off between phase interference and duty
cycle. For instance, with N = 2, we may choose the closest heating locations to the receiver for the
largest amplitudes. However, for the signals to interfere constructively, each duty cycle has to be
short and the amplitudes generated at each location become smaller; thus the total amplitude may
become smaller.
To solve the optimization problem, we apply a gradient descent method which iteratively
updates the parameters according to the derivatives of Sy r. To make sure the solution is the global

maximum, the result of the gradient descent method is compared to that of a direct search method

which scans through all possible combination of the parameters. Due to the heavy computational
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Duty Cycle for Different Azimuths
Paradise EW: 16 Mar 2013 05:31:30-05:33:30 UT
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Figure 5-4. Duty cycle dependence on azimuth.

requirements, the direct search can compute Syzr only up to N =5 in a reasonable time frame. It
suffices to observe a typical trend of Sy r and to make sure Sy converges to the global maximum
for N > 6.

5.3.1 Duty Cycle Dependence vs. Azimuth

The ELF/VLF amplitude dependence on duty cycle also depends upon the location of the
heated region relative to the receiver location (Figure 5-2). In order to optimize the signals gen-
erated at the eight azimuthal locations, we estimate the amplitudes and phases as a function of
duty cycle for the azimuthal locations using the observations shown in Figure 5-2. The result
corresponds to the function, Dy (dy) in Equations (5-1) and (5-2).

To estimate the ELF/VLF amplitude dependence on duty cycle, we estimate that both the
amplitudes and the phases vary sinusoidally as a function of azimuth. The peaks of the sinusoids
are determined by the experimental data. For each duty cycle, the sinusoidal curves are estimated
using all eight azimuthal directions. Results are shown in Figure 5-4. It is worth noting that the

dependence of ELF/VLF amplitude on duty cycle varies with time. For instance, while it would be
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ideal to measure the duty cycle dependence all azimuthal angles, it is likely that ionospheric condi-
tions have changed by the time the measurement has completed. Using the sinusoidal assumption
allows for rapid accounting of the duty cycle effect.
5.3.2 Gradient Descent Method
The gradient descent method is used to iteratively optimize for the maximum amplitude (or
minimum error to the maximum amplitude) in Equation (5-1) and (5-2) [Gill et al., 1981]. Syrr
converges to the maximum amplitude with a given heating order, and the largest amplitude of all the
possible orders is determined. The variables to be optimized are dy,d3, . ..dy and Aty,Aty, ... Aty _1,
which are the heating duration divided by the total duration (i.e., duty cycle) for each heating
location and the length of time for which the HF beam is off before heating at the next location.
The iterative method starts with an initial guess for each of the unknown variables. Subse-

quently, the variables are updated by using:

BN =B+ s (5-4)

where f3 is a set of variables (i.e, [dy,...dy] and [Afy,...Aty_1]), the superscript (7) is the iteration
count, U is the step size and J is a set of the partial derivatives of § with respect to each variable.
The step size is adjusted by the user so that the variables converge. The derivatives are computed
numerically every iteration.

The variables must satisfy the optimization constraints in Equation (5-3). To simplify the

equation, Equation (5-3) is re-written with f3:

maximize S

2N—1
subjectto ) B <=1, (5-5)
k=1

Br>=0,k=1,2,...2N—1
To meet the constraints, B is forced to be zero when it becomes negative, and J is modified when

Yy B0tD =y B0 4 s > 1. The modification is fairly simple. When J has negative elements and
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Paradise: Gradient Descent Convergence

298 104: Az T1me—fo(Atl) 14 :Az
| Direct Searching | Direct Searching
230440 N
g
S 23t
[}
i
Y SO
B |
< _234 LD . . .
.......... at=07
()
2364 b b b
P I . b o
d®=10 At O =50
B80S0 100 0 50 100 0 50 100
Time (%) Time (%) Time (%)

Figure 5-5. Convergence of parameters (on time and off time) to optimize for the maximum ampli-
tude using Gradient descent method. Blue and green trace are the updated parameters
with different initial values. Red trace is the maximum amplitude from direct searching
method.

B’s elements at the same indices are positive, J’s positive elements are modified to zero and the
J’s negative elements remain the same. When this is not the case, we keep the largest of J’s ele-
ments as is and replace the smallest of J’s elements with the largest element that is negated. The
other elements of J are modified to zero. The modified J has a positive value for the element of 3
which contributes the most to increase S and has a negative value for the element of 3 which con-
tributes the least to increase S. By meeting the constraints with this modification, S will continue
converging to the maximum value without ¥ 3 (i+1) exceeding 1.

The convergence of the gradient descent method is shown in Figure 5-5 with comparison
to the results of the direct searching method. The direct searching method scans through all the

possible combinations and locates the global maximum. Figure 5-5 shows that the gradient descent
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method converges to the global or local maximum depending on initial values. In Figure 5-5, the
heating direction is 104° and 14° Az. The red trace shows the maximum amplitude at a length
of time spent on that location. The global maximum for this heating and locations is 229 dB for
dy =25%,dr = 25%,At; = 50%. There is also local maximum at Az; = 0%. The blue and green
traces are updated each iteration with different initial values for Az;, one of which is 0% and the
other of which is 50%. Depending on these initial values, the trace converges to either the local or
global maximum. Since we cannot tell which set of initial value converges to the global maximum,
the global maximum is determined by comparing the converged amplitudes with different sets of
the initial values. It is important to use all possible initial values that converge to the maxima,
otherwise we may not be able to identify the global maximum. In the next section, we discuss how
to determine the initial values.

5.3.3 Determination of Initial Values

The initial values that converge to any maxima are

(

dy,.n=0.1

\Afl,...,N =0
Or

dy,.n=0.1

Ay =04 k=i

\Atk:O k=1,...,Nk#i

These initial values indicate that the duty cycle for heating is operated in an efficient range (i.e., the
lower duty cycle is more efficient), and time-off periods between two heating locations are zeros
for the signals to constructively add each other. The large time-off period such as 40% is equivalent
to the zero time-off period between two locations if Zf(vzl di + Zﬁ(v;ll Aty = 1, just like the case in
Figure 5-5. 25% of a period for heating at 104° az, 50% for turning off and 25% for heating at 14°
az, is equivalent to 25% for at 14° az, 25% for at 104° az and 50% for turning off — just the order

has been changed. In this section, we discuss how the zero time-off maximizes the amplitude.
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To simplify the discussion, we analyze a case of heating two locations with a linear phase.

The phase of the two signals (P and ®, in degrees) are,

D =0+ (90— 180d1)

@, = —360(d; + Aty + @3 + (90 — 180d,) (5-6)

where @1 and ¢, are the phases of the signals at each location with 50% duty cycle, d; and d5 is the
duty cycle at each location, and At is the time off between heating the two locations. (90 — 180dy)
modifies ¢ with d duty cycle (Equation (5-1) or (5-2)), and —360(d; + Ar) accounts for the time

delay of heating at the 2nd location. The relative phase for ®; and P, is

AD = D,— P,
= @2— ¢ —180(d) + Ary +dp) — 180Az

= A¢ —180(d; + Aty +dp) — 180A1, 5-7)

where A¢ = @, — ¢. For the signals to interfere constructively, A® is zero. So,

0=A¢ —180(d; + At; + d>) — 180At (5-8)
which reduces to,
Ap 1
A= —/— — = (d{ +d 5-9
1= 360 2( 1 +da) (5-9)

The equation above is plotted with constraints (d; > 0,dy > 0,At; > 0,d| +dy +Af; < 1) in
Figure 5-6. The gray shade indicates where the constraints are satisfied. The color lines show
the Equation (5-9) at different relative phase, A¢. To achieve a constructive interference and the
longest total heating time (maximum d; + d>) is an intersection of a color line and either Aty =0

ord;+dy+ At = 1.
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Figure 5-6. Off-time between the 1st and 2nd heating location against total duty cycle of 1st and
2nd heating location. The gray shade indicates the region where the constraint meets.
Different color lines indicate the combination of Af; and d| + d> that makes in-phase
with different relative phase of the two location.

Although the longest total heating time does not necessarily maximize the amplitudes due
to the non-linear relation of amplitudes over duty cycle, it is likely to maximize the amplitude
especially when d; +d, < 0.8. The amplitude increases monotonically up to ~40% duty cycle;
thus the optimal total amplitude of the two locations increase until both of the duty cycle reach to
~40% when they are in-phase. In our experimental observation, the relative phase, A¢, is from 0°
to 120° or from 240° to 360° depending on the order of heating locations. This yields that optimal
di +d; is less than 0.72.

I have discussed how to determine the initial values with two heating sections. Similarly,
it generally works with N heating locations. An optimal time-off period between the first two

heating locations is zero to be in-phase, and a next time-off period between the 2nd and 3rd heating
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5 52(1)) Post-Processed Optimized Amplitude at Paradise

(b) Efficiency of Optimized Amplitude at Paradise
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Figure 5-7. Optimized amplitude (a) and efficiency (b) as a function of number of heating loca-
tions.

locations is also zero to produce in-phase radiation. Then, the first three locations are all in-phase
and this sequence continues to Nth location.

Zero time-off periods between heating locations do not necessarily maximize the received
ELF/VLF amplitude. Nevertheless, such an approximation suffices for an initial guess. To de-
termine the optimized amplitude at a given order of heating locations, we compare the converged
amplitudes from all the sets of initial values.

5.3.4 Optimization Result and Analysis

The results for optimized ELF/VLF amplitudes are shown in Figure 5-7. Compared to vertical
AM heating with 50% duty cycle, the amplitude is increased by 10-15 dB and the efficiency is
increased by 7-13 dB. Compared to geometric modulation (circle) shown in the previous chapter,
the amplitude is increased by ~7 dB and the efficiency is increased by ~11 dB. The comparisons
are shown in Table 5-1.

The largest optimized amplitude for LOS and all frequency components are produced with
eight heating locations (out of eight considered locations). However, the amplitude converges
as the number of heating locations increases, indicating that increasing the number of heating
locations increases the received ELF/VLF amplitude to a lesser extent as the number of heating

locations increases.
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(a) Optimal Steering Pattern: LOS (b) Optimal Order: LOS
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Figure 5-8. (a) Optimal steering pattern and (b) order for various number of heating locations.
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The optimal heating pattern for the LOS signal component is shown in Figure 5-8. The
optimal heating order generally starts with heating locations farther from the receiver (81° az) and
ends with locations closer to the receiver. This order makes up for the shorter wave propagation
delays closer to the heating locations.

The duty cycle at each location becomes smaller as the number of heating locations increases.
The smaller duty cycle generates ELF/VLF waves more efficiently, decreases the phase delay due
to the heating order, and makes the signals interfere more constructively. The smaller duty cycle
is optimally selected over the larger duty cycle which would generate larger amplitudes at each
location, but would produce larger destructive interference for the total signal.

All of the optimal off-times between locations are zero except for N = 2, 6, and 8; even the
largest off-time is only 1.7% at N = 8. The zero off-times are likely to produce in-phased signals
with an optimal duty cycle, which is discussed in Section 5.3.3

HAARP is capable of steering the beam with 10 usec dwell time. The dwell time corresponds

to 3% duty cycle for 3 kHz modulation frequency. To implement the beam pattern in Figure 5-8
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Table 5-1. Received amplitude (dB) relative to vertical AM at 50% duty cycle

Method LOS 15kHz 20kHz 3.0kHz 40kHz 4.5kHz
Optimized BP 12.1 9.8 12.2 14.4
GM (Maximum) 7.7-8.3 6.4-73 6.9-7.8 9.5-11.1
GM (Full Circle) 5.9-6.1 26-2.8 54-5.6 84-8.8

at HAARP, we can simply round the duty cycles at multiples of 3% and the optimized amplitudes
would change only by ~0.5 dB. If a higher modulation frequency is used, the dwell time becomes
more significant. For instance, 10 kHz modulation frequency would have 10% duty cycle resolu-
tion in beam painting. At this high frequency, rather than rounding optimal duty cycles to 10%
resolution, the gradient method can be modified so that the optimal duty cycle is updated using
10% resolution.

When it comes to symmetric heating, where there is no favor in any azimuthal direction, the
optimal heating pattern is very similar to standard circle-sweep geometric modulation where the
beam moves along in a circle and heats each spot at the maximum allowed time (12.5% duty cycle
at each of eight locations). The post-processed amplitude for the LOS component is ~2 dB larger
than experimental observations of GM (Table 5-1). The discrepancy comes from the number of
heating locations: geometric modulation was implemented with 12 heating steps which produce
more overlapping regions at the heating locations. The overlap yields different effective duty cycles
and waveforms at the heated spots, and changes the total received amplitude. While the overlap of

the beams may be engineered to increase the received amplitude, the effect is not considered here.
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CHAPTER 6
SUMMARY AND FUTURE WORK

6.1 Summary of Contributions

In this dissertation, I have provided transmission sequences that optimize the received ELF/
VLF amplitude at a particular receiver by engineering the ELF/VLF phased array created in the
D-region ionosphere by rapid heater beam steering at HAARP. By painting a vast area of the iono-
sphere at the desired ELF/VLF rate with the HF beam, I created an ON-OFF pattern at elemental
source locations, and I observed larger ELF/VLF source regions with distributed amplitude and
phase. Throughout the experimental observations, the TOA method was used to measure the am-
plitude, phase, and propagation delays of the received ELF/VLF signals.

In Chapters 2 and 3, I provide the mathematical framework for the ELF/VLF TOA analysis
method in the context of ELF/VLF wave generation physics. I showed experimental observations
and numerical modeling results to demonstrate that the TOA method distinguishes LOS and IR
signal components and identifies the ELF/VLF source heights. The TOA observations indicate
that the source height decreases with increasing modulation frequency and is mostly insensitive to
the HF power levels and HF frequency.

In Chapter 4, the Geometric Modulation (GM) format is combined with a variable HF heating
pulse to investigate the four important effects that contribute to the generated ELF/VLF amplitude.
The results are compared with conventional AM heating. Those four effects are the area of the
source region, the obliqueness of the HF beam, the effective duty cycle of the heating, and the
phased array structure of the source. Using measurements of the spatial distribution of ELF/VLF
amplitude and phase created by GM, an optimal heating order is identified. The results indicate that
the optimal heating order increases the ELF/VLF amplitude up to 4 dB and the HF-to-ELF/VLF
conversion efficiency up to 7 dB. However, for symmetric heating, the GM format (HF beam is on
continuously) produces the largest amplitude.

In Chapter 5, instead of optimizing sweep speed and heating order individually, I optimize the

heating durations and orders together. The observed amplitude and phase at different azimuths and
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duty cycles are post-processed to predict the received amplitude at Paradise. The gradient descent

algorithm is employed to identify the global maximum for the received amplitude. As a result, the

amplitude is increased up to 7 dB and the efficiency is increased up to 11 dB compared to GM.
6.2 Suggestions for Future Research

6.2.1 Implementation of Optimal Heating Pattern

This dissertation suggests an optimal heating pattern, but the optimal heating pattern has not
yet been implemented. To confirm the prediction, observed ELF/VLF amplitudes should be di-
rectly compared to those generated using oblique AM and GM formats. The optimal format de-
pends on ionospheric conditions. It is ideal to optimize the HF beam pattern in real-time as the
ELF/VLF signals are being generated. At present, real-time implementation is unreasonable for
the current ELF/VLF receiver setup and calculation time for optimization.

The provided optimization does not currently account for the overlapping of HF beams. At
3.25 MHz, the overlap of the 3 dB beamwidth is merely 10% with its neighbor heating locations
when they are 45° azimuth apart. It is better to quantify this effect than to assume it is negligible.
To quantify this effect, I suggest altering the HF frequency. The HF frequency controls the 3 dB
beam width, with a more focused beam at higher frequencies. It is important to keep in mind that
the azimuthal dependence and duty cycle response would also change for different HF frequencies.
The optimal heating pattern will be bounded by the azimuthal and duty cycle step transmissions at
the same HF frequency.

6.2.2 High Frequency Resolution TOA

Probably the most important next research step is the development of a high frequency reso-
lution TOA method. The TOA observation were typically performed using a 3—4 kHz bandwidth
in order to accurately discern LOS components from IR components by their time differences.
The amplitude, phase, and propagation delays measured by the TOA method are averaged over
the bandwidth, and as a result, frequency resolution is lost. Important physical quantities depend
on frequency, however. For instance, reflection coefficients for the air-ionosphere boundary are

expected to be frequency-dependent. With a high frequency resolution TOA method, it may be
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possible to quantify reflection coefficients as a function of frequency and provide an approxima-
tion of D-region properties.
6.2.3 Separation of Hall and Pedersen Currents

The orthogonal ELF/VLF antennas measure somewhat different amplitudes and phases due
to direction of the auroral electrojet currents. In this dissertation, the two directional signals are
modeled, but are not separated. A more in-depth study of the conductivity modulation would focus
on measuring and separating the Hall and Pedersen current contributions to the ELF/VLF source.
With high frequency resolution TOA method, such a decomposition of the ELF/VLF signal may

be possible.
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